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1. INTRODUCTION 
1.1. General 
The oaks rank among the most important hardwoods in this country. 
Each year they furnish more native timber than any other related group of 
broad-leaved trees. Despite their great abundance and commercial importance 
little is known about either the quantitative or the qualitative growth and 
yield expected from thinned oak stands. Schnur's (1937) normal yield tables 
for upland oaks have been used extensively over the oak range. Although 
these tables contain valuable descriptive data, like most normal yield 
tables, they have limited application to thinned stands. Until recently 
only fragmentary growth and yield information was available for thinned 
upland oak stands and the results applied to a limited range of age or site 
classes. A more complete set of growth and yield data for thinned stands 
was published by Gingrich (1971), but he has synthesized stand growth from 
the response of individual trees and the results have not been verified on 
an area basis. 
This lack of information is a serious handicap to those making timber 
management decisions regardless of whether private, corporate, or public 
timberlands are involved. Without suitable relationships it is difficult 
to evaluate and choose the most appropriate course of action from among the 
various timber management alternatives. Decisions often lead to practices 
that involve a large expenditure of resources, hence an inappropriate 
decision could be very costly. Consequently, timberland managers are 
under increasing pressure from their superiors to justify their silvi-
cultural practices within an economic framework. 
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The purpose of this dissertation is to describe an investigation that 
provides some of the necessary relationships for evaluating one particular 
silvicultural practice—that is, the practice of intermediate thinnings 
applied over a range of stand and site conditions in the upland oak timber 
type. Regression equations are developed from permanent plot data and 
express in quantitative terms the expected physical growth and yield 
response to various thinning intensities. Equations are developed using 
different models or estimation methods that may be used to obtain four 
different estimates of growth and yield in upland oak stands. The first set 
of equations were developed using the same techniques and model forms as 
Clutter C1963), but statistical comparisons with the other methods are not 
given here. The second set of equations used the same cubic-foot volume 
yield model as developed by Clutter's techniques above, but it was employed 
in conjunction with a revised basal area growth model, and the technique 
for projecting yield differed. Projected growth and yield estimates 
using this recursive method and the second set of equations is called 
prediction system 1. The third and fourth sets of equations were developed 
using the techniques and models of Sullivan and Clutter (1972). The third 
set of equations referred to here as prediction system 2 used the model 
forms of Sullivan and Clutter and these were fitted by ordinary least 
squares techniques ignoring any error correlations in the data. The fourth 
set of equations are referred to here as prediction system 3 and again used 
Sullivan and Clutter's model forms but the parameters were estimated by 
using the maximum likelihood estimaticr. technique and mnre tenable 
assumptions on the variance-covariance matrix. Comparisons of the three 
predictions systems are made where actual yield is compared with predicted 
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yield for all 154 permanent plots upon wfitch the equations were based. 
A limited number of plots were not used in estimating the model parameters 
so these served as an independent test of the prediction systems. 
A computer program is developed so that the equations presented here 
can be conveniently used by field personnel to produce growth and yield 
estimates for a wide range of initial stand age, site, and density con­
ditions. Other equations are developed and incorporated into the computer 
program and these provide the timber manager with information on other 
stand characteristics such as the ingrowth and mortality rate, stocking 
percent, average stand diameter, and growth and yield in cordwood and 
board-foot volume. 
Growth and yield predictions using these equations are discussed from 
the biological or siIvicultural viewpoint, but no specific thinning recom­
mendations are offered. Specific management recommendations presupposes 
additional information, such as a specified objective and quality, cost, 
and value relationships; but these relationships can be more efficiently 
provided by separate studies. 
1.2. General Objective 
In general, the purpose of this study was to quantify the physical 
growth and yield that occurs in upland oak stands as a result of specific 
intermediate cutting treatments. This quantification of growth and yield 
is especially useful to management when the relationships are applicable 
over a range of stand and site conditions, and when the independent factors 
can be manipulated by management. Therefore, the general study objective 
was to develop relationships applicable in the upland oak type for 
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predicting growth rates and yields for a broad range of site and stand 
conditions where stand conditions are manipulated by intermediate cuttings. 
1.3. Scope 
This study was jointly sponsored by the Northeastern Forest Experiment 
Station of the U.S. Forest Service and Iowa State University. Growth 
records of thinned upland oak stands, maintained ovtr a number of years hv 
the U.S. Forest Service, served as a source of empirical data. Altogether 
a total of 205 plots, representing more than a dozen individual studies, 
provided 915 periodic or annual growth estimates. Some of these studies, 
plots, or growth periods were later eliminated from this investigation 
because they were not representative of the population under investigation. 
More complete details on these growth, series are given in the section on 
available growth data. Chapter 3. 
The primary objective in most of these individual studies was to 
determine growth and yield for thinned upland oak stands in relation to 
various stand and site factors. These relationships are most useful if 
they can be applied over a broad range of stand and site conditions, rather 
than one restricted age and one site class. The relations are also easier 
to use and gain wider acceptance by practicing foresters when the variables 
used to quantify growts; and yield are familar and have utility for other 
purposes; when they are easy or cheap to measure; and when they provide 
estimates with acceptable precision. Therefore, we have selected only 
^ — — — — -J - .1— ..J. « «-.»— «.L'ï ^ fk M «MA A A 1 * * # i ^  A <4 ^ ^ 7 ^ LMU6C I HUCpUMUCH U VOl'iaUlCb uiau ai C cuiiuuuiiijf uacw uii\a ww 
foresters; these include, basal area, number of trees, site quality, stand 
age, and the quadratic mean stand diameter (diameter of tree of mean basal 
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area). 
Recent growth and yield investigations have utilized one of two 
general classes of growth models—linear or nonlinear. Ordinary least 
squares regression techniques have been used successfully to fit empirical 
data to linear models where the independent variables are expressed as 
polynomials (Clutter 1963, Buckman 1962, Schlaegel and Kulow 1969, and 
Schlaegel 1971). These linear models approximate the nonlinear growth 
relations reasonably well over a range of stand conditions. Nonlinear 
growth models, such as the generalized Von Bertalanffy, Chapman-Richards, 
and the logistic model, have been used recently to characterize the growth 
and development of forest stands (Turnbull 1963, Pienaar 1965, Moser 1972, 
and Cooper 1961). These nonlinear growth models have been derived to 
express hypotheses concerning the biology of growth in mathematical terms. 
Therefore, the parameters in such models are claimed to have biological 
significance and are more useful in developing explanatory theory involving 
cause and effect relationships. 
This investigation deals only with linear models, primarily because 
we were seeking a practical, easy to use, and accurate growth and yield 
prediction system. Although the parameters in these polynomial models have 
little value in explaining the biological cause and effect relationships 
the association between variables can be used effectively in developing 
prediction equations. The stand and site quality factors we used are much 
too broad to determine the true cause and effect relationships. Fo"» 
example, site index is merely an indicator of the combined and accumulated 
effects of a great number of individual variables that have influenced 
growth over time. To determine the true cause and effect relationship one 
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would have to study how growth is affected by these individual variables, 
such as various physical and chemical properties of the soil, availability 
of moisture, temperature, sunlight, and various atmospheric factors. The 
study of these environmental and internal tree factors affecting tree growth 
or the process of photosynthesis would more logically fall in the field of 
tree physiology. 
This author is not aware of any investigations comparing the perform­
ance of linear versus nonlinear models in characterizing the growth and 
yield of forest stands. Such a study may be a logical sequence to this 
investigation since the estimate of parameters could be derived from the 
same set of empirical data. There are advantages and disadvantages for 
models of both types, however, we chose the linear models primarily because 
prediction was the principal objective and similar linear models have proven 
satisfactory for other forest types. 
The results of this investigation also reveal the need for additional 
study. Particularly there is need of an approach whereby stand growth can 
be synthesized from the growth of individual trees. If individual tree 
growth by species and size class can be related to site and stand variables 
then some of the problems inherent in the stand approach can be overcome. 
Specifically, the stand approach used here fails to account for the growth 
of stand components by species and tree size class. This seriously handi­
caps the economic evaluation of various stand treatments since tree size 
and species directly affect the tree value and it is the summation of 
individual tree values thai uêtêrnrÎMes stand value. We originally proposed 
both the stand and individual tree approach in this investigation, but 
because of time limitations and because demands are so great for growth and 
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yield information of any type from thinned stands, we are presenting the 
first approximations of growth and yield using the stand approach. 
The author feels that the individual tree approach is an area that 
deserves further investigation, since this approach would logically 
increase the precision of estimates and provide a method for separating 
out species effect. Furthermore, it would provide management a better 
basis for economic evaluations of specific timber practices since the 
species component and size class component is so important in value 
determinations. 
Before documenting the methodology and results in Chapters 3 and 4 
a brief description of the upland oak resource and of thinning concepts in 
general should enable one to better comprehend how the scope of this work 
relates to the overall problem of growth and yîeld in thinned upland oak 
stands. 
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2. THE UPLAND OAK RESOURCE 
2.1. General 
The oak-hickory forest type is by far the most extensive timber type 
in the United States. This type occupies nearly 116 million acres^ or 
almost one-quarter of all the commercial forest land in this country (USDA 
1965). Oak-hickory forests dominate the forest landscape from the Appala­
chian Mountains west to the Great Plains and from the Gulf Coast states 
north to Michigan and Minnesota. This type occupies almost as much area 
as all the western softwood types combined. It covers over three times 
as much land as the Douglas-fir type of the west or twice as much as the 
widespread loblolly-shortleaf pine type of the south. 
The growing-stock volume in oak species alone is over 60 billion 
cubic feet or about one-tenth of this Nation's total growing stock volume. 
Oak volume is exceeded only by the volume for Douglas-fir. About 6.5 
percent of this Nation's sawtimber volume consists of oak species. Although 
cutting removes nearly 1.2 billion cubic feet of oak growing stock annually, 
the annual growth of oaks is 2.4 billion cubic feet or nearly double the 
annual cut. However, this growth is occurring mainly in smaller trees, 
whereas the larger oak trees, the ones sought by industry to produce high 
quality products, are becoming progressively harder to find. 
The upland oak forest resource is substantial for the six Central 
States where the results of this study may be applicable. The six Central 
^Forest statistics in this section on area, volume, and ownership were 
extracted from Forest Resource Report No. 17, (U.S. Forest Service, 1965). 
9 
States: Iowa, Missouri, Illinois, Indiana, Kentucky, and Ohio, have a 
combined total of over 41 million acres of commercial forest land and over 
27 million acres or two-thirds of the forest land supports the oak-hickory 
forest type. In this region oaks and hickory have a growing stock volume 
of over 10 billion cubic feet or a sawtimber volume of nearly 33 billion 
board feet. 
All but about 8 percent of the forest land in the Central Region is 
privately owned. Farmers own 60 percent; industry owns less than 2 per­
cent; and the remaining 30 percent is owned by miscellaneous individuals 
or private groups. 
2.2. Stand Characteristics 
Any attempt to describe a typical upland oak stand in the Central 
States Region is almost meaningless. The oak stands are extremely 
heterogeneous even for local areas within the region. Various combinations 
of species, site quality, age distribution, stocking, diameter distribution, 
and quality create an almost infinite number of different stand conditions. 
For example, these stands vary over the region from almost pure.white, red, 
or black oak to various mixtures of these and other oak species as well as 
species other than oak in various mixtures. Probably the three most 
important oak species in value and quantity over the region are white o. (, 
northern red oak, and black oak. Other oak species commonly found are 
scarlet, chestnut, chinquapin, pin, post, blackjack, and burr oak. 
l i i  Spl uê ui ûiê vai latiuii i  u may uc usciu# uv auLcmpu uu uiaw 
some broad generalizations about these upland oak stands. First, a large 
proportion of the oak stands occurs on what is called a medium site quality. 
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that is a site index between approximately 55 to 75 feet. Second, although 
several age classes may be present in the stand they are more typically 
even-aged than all-aged stands. The age distribution pattern often is a 
result of the past cutting practices. Third, stocking is generally lower 
than expected for fully stocked stands from normal yield tables, but 
foresters generally consider stocking as adequate in terms of number of 
trees and volume. However, in terms of quality and species composition, 
the stands are often judged as understocked with respect to high quality 
desirable growing stock. Again this is often the consequence of past 
cutting practices that have removed the more valuable high-quality trees 
leaving the undesirable ones to occupy the area. Fourth, there is a 
differential growth rate among the oak species. For example, black oak 
will generally grow faster than white oak when both are growing under 
similar environmental conditions (Trimble 1960s Dale 1968). In addition 
there is some tendency for the natural occurrence of species to be some­
what correlated with site quality. For example, red oak occurs more 
frequently on the better sites, while post oak, blackjack oak, and chest­
nut oak are found more frequently on a lower site quality. White oak 
stands are often found somewhere between these two conditions or ap­
proximately a site index between 60-70 feet, although scattered individual 
white oak occur over the entire range of sites. 
2.3. Products and Markets 
upland oak stands produce a variety of timber products but these 
depend upon the species and the quality of trees. The primary timber 
products for the oak type include: sawlogs, veneer logs, cooperage. 
n 
pulpwood, posts, mine timbers, railroad ties, charcoal wood, and fuelwood. 
High quality trees of a given oak species bring stumpage returns 5 to 10 
times that of low quality trees which emphasizes the importance of quality 
considerations. 
The availability of markets for small, low quality, or less desirable 
species has a large influence on the intensity of timber management within 
a region. The market situation varies widely within the Central States 
Region. Some local areas have a well-developed market system for all 
types of timber products. In other areas, no market exists for much of the 
small, low grade materials, and is even poor and spotty for the higher 
quality sawlog and veneer material. Hence, the decision-maker must evalu­
ate the benefits of a specific goal and silviculture practice in respect 
to his own local market conditions. 
2.4. Current Timber Management Practices 
Approximately 900,000 private individuals own forest land in the 
Central States Region and most of these apply no more than a custodial form 
of management to their timberland. Most of these individuals own less than 
100 acres of timberland. They invest little, if any, except for taxes, in 
timber management practices, so consequently they receive little income 
from their timber resource. 
Often the owner's attitudes, motivations, competence, and short 
tenure are reasons cited by foresters for these owners not applying recom­
mended forestry practices. Actually, the input and ouLput irifoririatlGn 
needed to support many of these recommended forestry practices is not 
available. All too often these recommendations are based upon what seems 
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best suited for the forest rather than placing emphasis where it should be, 
that is, on the owner and his objectives. Undoubtedly, a greater number 
of owners would practice more intensive forestry if input and output data 
were available that indicated certain forestry practices offer an attrac­
tive investment opportunity. 
Timber management practices are generally more intensive on the larger 
ownerships, both public and private, and especially where the goal is 
primarily to supply raw materials to wood-using plants. The specific timber 
practices being applied to these lands depends, of course, upon the 
owner's objectives or in the case of public lands, upon the timber 
management staff acting in the public's interest. These timber activities 
cover all phases of timber management including regeneration, intermediate 
cutting and final harvest cutting; but we are mainly concerned here with 
intermediate cutting treatments. Most of these decision-makers have 
recently adopted a policy of even-aged management for their upland oak 
stands. The system seems well adapted siIviculturally to the oak species. 
Besides, even-aged management seems more efficient, being simpler and 
easier to apply (Roach and Gingrich 1968). 
Thinnings are carried out on a large scale by some of the larger 
wood-using industries, especially on lands of the pulp and paper companies. 
Quite extensive thinning programs are conducted on national forest lands. 
An increasing proportion of the annual allowable cut is being scheduled 
to come from intermediate cuttings. However, some of the thinning being 
carried out is noncommercial. Eithêr markets dc net exist for the niaterlal 
or in some cases the material removed has not reached merchantable size. 
In the case of noncommercial thinnings the increase in future values must 
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be substantial to justify this additional expenditure. Probably much of 
this noncommercial thinning is based on faith in increased future values, 
or faith in the competence of the professional forester recommending this 
practice, since the necessary siIvicultural and economic relationships 
are not yet available to make this an objective choice. 
2.5. General Concepts of Thinning 
Various types of intermediate cutting, including thinnings, have been 
an important activity of timber management for a long time. As the 
application of siIvicultural practices intensifies in this country, thinning 
is likely to become increasingly important as a management too. Management 
must rely more heavily upon these intermediate cuts, unless, of course, 
they are willing to accept what nature provides in the existing natural 
stands. From establishment until rotation age, intermediate cutting is at 
this time the most practical silvicultural activity available for altering 
species composition, quantity, quality, and timing of yields, and con­
sequently the value of timber stands. 
It is apparent that for a given site there exists a certain combina­
tion of growth controlling factors, particularly soil, light, temperature, 
and available moisture. These factors actually determine the productivity 
of an area and remain relatively constant over a rotation. Consequently, 
a stand of a given species and age on a particular site will produce a 
finite amount of woody growth per year (Davis 1956). This quantity of 
wood produced could be altered, cf course, by altering site quality. For 
example, fertilization, irrigation, or introduction of superior genotypes 
will affect total wood production, however these practices are not widely 
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used as yet in forestry. 
Evidence is accumulating that indicates this fixed amount of woody 
growth can be achieved over a considerable range of stocking. The theory 
held by Moller et al. (1954), "that within certain wide limits, the volume 
increment is not influenced by density of stocking", means that foresters 
have considerable leeway in which to manipulate density to produce both 
variety and quality in forest products and at the same time achieve 
practically full site utilization. This wide range of tolerance in stand 
density has been graphically illustrated in Figure 1 by Davis (1956). 
Figure 1 illustrates the generalized life history of an even-aged stand 
showing the characteristic features of a beginning and an ending. Curve A 
of Figure 1 shows the maximum volumetric stocking that can be carried on 
the ground at given age and site. This kind of information is furnished 
by normal yield tables. Curve C indicates the minimum volumetric stocking 
that is required to fully utilize the site. The location of this curve 
is largely conjectural and in reality is not as simple a curve as shown. 
Curve B shows the development of a managed stand with a series of inter­
mediate cuts and finally the major harvest or regeneration cut. The bar 
graph in Figure 1 illustrates how the total yield of a managed even-aged 
stand consists of two parts: 0) that obtained from the major harvest cut, 
and (2) that obtained from intermediate cuttings. The quality, quantity, 
and timing of yields of a forest stand are greatly influenced by 
silvicultural decisions of the timber manager and their implementation. 
The notion fostered here is that optimum growing stock does nul necessarily 
imply normal or full stocking, but rather it is a complex of silviculture 
and economics such that for any specific forest enterprise there may exist 
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Figure 1. Generalized life history of an even-aged stand 
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one of several optima, depending upon the products to be grown, sites 
available, and economic or other objectives of the owner. 
Assuming that equal volume growth can be achieved over the wide 
range of stand density between curves A and C, there is still a great need 
for forest managers to have this growth quantified in physical terms over 
the range of sites, ages, and species mixtures, as well as for the 
different thinning regimes imposed by various products and markets. In 
addition to the quantity and timing of these yields, the decision-maker 
needs to know the quality of materials produced. Both the quantity and 
quality yield relationships must be known before the decision-maker 
can apply appropriate value relationships to obtain the change in values 
resulting from a specific silvicultural practice. 
Foresters are aware that tree quality as well as volume is related 
to the way stand density is manipulated throughout the rotation. Thinning 
may affect the overall quality of yields from a stand in two ways. The 
average quality of the residual stand tends to increase when cull, defec­
tive, and inferior trees are removed by thinning. However, this initial 
improvement may be more than offset if the treatment stimulates epicormic 
branch development or results in a slower rate of natural pruning of 
residual trees. Although the relationships are not known, it appears 
overall tree quality is reduced in lightly stocked stands. It is suggested 
that the quality yield for a stand is a function of several factors includ­
ing: initial density, initial quality, species, site, and the severity, 
quantity, however the need for quality relationships is mentioned here 
since both are important in determining stand value. 
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3. DEVELOPMENT OF GRO'XTH AND YIELD SYSTEMS 
3.1. General 
The sequence of steps in this investigation involved: (1) data 
summarization and elimination; (2) model development; (3) deriving regres­
sion equation coefficients; (4) incorporating equations into a computer 
program to predict growth and yield; and (5) testing and comparing the 
performance for three of the different prediction systems. 
The first portion of Chapter 3 deals with the original source of 
empirical data, how it was collected, processed, and initially summarized 
to obtain dependent or independent variables used in later analysis. From 
individual tree records basic stand or plot information was generated and 
summarized by species groups for each measurement period and for all 
measurement periods combined. Species groups and growth for the individ­
ual periods were ignored in the final equations presented here. However, 
this information was initially computed to be used in developing models 
and to be available for later analysis of the effect of species composi­
tion on growth rate and to study the annual variation in growth rate in 
relation to climatic factors. 
A major section of this chapter involves the development of four 
different sets of equations or models that may be used to predict growth 
and yield of upland oak stands in terms of basal area and total cubic-foot 
volume. Specific details and the distinguishing features of each of these 
four methods are given in Section 3.3. More attention was given to 
developing the growth and yield equations in terms of total cubic-foot 
volume than for any other stand variable because this variable better 
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expresses the productive capacity of the site and is the most frequently 
predicted variable in growth and yield studies. 
Another major section of this chapter deals with development of models 
that express growth and yield in terms of other stand variables such as 
merchantable cubic-foot volume, cords, board-foot volume, and stocking 
percent. Equations are developed that express the rate of ingrowth and 
mortality in number of trees. Linear regression techniques are generally 
used to determine the rate of ingrowth, growth, and mortality as a func­
tion of various stand or site factors. These three elements are essential 
in any prediction program that attempts to simulate the development of a 
dynamic population, such as our upland oak stands; since these phenomena 
describe the changes that occur over time in stationary populations. 
Various forms of linear models were hypothesized or extracted from pub­
lished literature, then using a subsample of individual growth periods 
we determined how well our data fit these proposed models. The model 
forms selected as likely candidates were those that provided the smaller 
mean square residuals or the higher coefficients of determination. From 
previous experience and published results we judged which one of these 
candidate models provided the most reasonable estimates of stand parameters 
when stands with various initial conditions were projected for 100 years. 
Finally, in Section 3.5 a computer program is developed that illus­
trates how field personnel may use these various relationships to obtain 
estimates of future stand characteristics over a broad range of initial 
stand conditions. Tiie prûyrôtTi is easy to use and requires s zini%u% of 
input data by the user. The only input information required is the initial 
stand age and site index and the initial per acre value for basal area 
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and number of trees. The program provides annual estimates of stand 
basal area, stocking percent, total and merchantable cubic-foot volume, 
cordwood, board-foot volume, number of trees, and average stand diameter. 
Annual growth estimates are also given in terms of these same variables. 
3.2. Data Source and Summarization 
3.2.1. Available growth data 
One of the earliest efforts to establish some functional relation­
ships involving growth and yield of thinned upland oak stands in relation 
to stand and site factors was initiated in Iowa in 1949. Two series of 
permanent plots were installed in nearly pure white oak stands, one 25 
years and the other 50 years of age. In 1953 another series of plots in 
the white oak type was installed in a 90-year old stand near Amana, Iowa. 
Studies in both the 50- and 90-year old stands were formally terminated 
in 1963. Growth records for the 25-year old stand are included until the 
stand was thinned the second time in 1962. 
In 1959 a master study plan^ was developed to help coordinate growth 
and yield research efforts over this Central States Region. Using this 
plan as a guide, or variations of it, six series of plots were installed 
during the early 1960's. These six series include: 33- and 80-year old 
white oak stands in Kentucky; a 60-year old white oak stand in Ohio; a 
31-year old mixed oak stand in Ohio; and 22- and 43-year old black oak 
stands in Missouri. In addition to the above, growth data were available 
Vlan filed at Northeastern Forest Experiment Station, entitled, 
"The Effects of Stand Density upon Growth, Quality, and Total Wood Produc­
tion in Even-aged Hardwood Stands", by M. E. Dale and I. L. Sander. 
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for four series of plots designed primarily to determine the effect of 
understory competition upon growth of overstory trees. These include 
33-year old white oak in Kentucky, 49-year old mixed oak in Ohio, and 22-
and 43-year old black oak in Missouri. Finally, growth data were available 
for a 9-year old stand of mixed oak and yellow poplar in Ohio. In summary, 
these data represent 205 plots for which there are 915 periodic or annual 
estimates of growth. 
3.2.1.1. Initial plot selection criteria The initial plot 
selection criteria for each study series above were stringent. All plots 
were chosen as representative of fully-stocked even-aged upland oak stands 
that showed no evidence of recent fire or logging. On some plots a few 
older and larger trees were present, probably as hold-overs from the 
previous stand. Efforts were made to achieve within plot uniformity with 
respect to age, site quality, spatial distribution, diameter distribution, 
and for some series species composition. In general, potential growth 
plots were rejected if within plot variation was greater than ± 10 years 
in age, ± 7 feet in site index, or if large holes were present in the 
crown canopy. Care was taken also to achieve these same uniform conditions 
between plots as within plots for a series. However, in Missouri the 
series for each age class purposefully included three different site 
quality classes. In general, each series of plots at a particular geo­
graphical location was purposefully selected to hold variation to a minimum 
for species composition, site quality, and original stand density. 
3.2.1.2. Growth data rejection procedure The more important 
differences in the series of growth plots available for study include: 
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geographical location, species composition, plot size, date of initial 
cutting, site quality, number of thinning treatments, treatment of under-
story trees, difference in threshold diameter for ingrowth, and variation 
of time interval between remeasurements. 
Obviously, the differences inherent in these data were too great to 
attempt using all plots in fitting the regression models. Although the 
growth data were summarized for all plots using the data summarization 
procedure in Section 3.2.2., some studies, plots, and measurement periods 
were immediately rejected from further analysis in this investigation. 
Many of the plots were rejected on the basis that they represented a 
different population than the restricted population of stands intended 
in this analysis. 
We were seeking growth and yield estimates that were applicable to 
even-aged fully-stocked upland oak stands that had received one thinning 
treatment. The restriction of one thinning eliminated the growth data 
for the Iowa stand after the second thinning. Growth data were rejected 
from plots where the understory stand was treated differently than the 
other thinning studies. The 9-year old sapling study in Ohio was elimi­
nated in the final analysis because the ingrowth, growth, and mortality 
rates could apparently be described better by different models. No plots 
or growth periods were eliminated merely because they had extreme growth 
or mortality rates. 
3.2.1.3. Data records used in analysis Growth and yield 
relations presented here are based on the analysis of 154 permanent 
growth plots, representing eight separate thinning studies with 734 annual 
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or periodic growth estimates. Figure 2 shows the geographical location 
of each series of plots, and Table 1 provides information on the number 
and size of plots, dates installed, and other stand or site character­
istics. 
Similar marking rules for cutting were used for each series to 
create four or more stand density levels. Cutting varied from very light 
or none to removing 70 or 80 percent of the original basal area, except 
for the older study in Iowa, where the heaviest cutting removed only 
about 30 percent of the basal area. After the initial cutting, plots 
ranged in basal area from a low of 20 to 30 square feet per acre up to 
between 75 and 110 square feet. 
IOWA 
ILLINOIS INDIANA 
MISSOURI 
KENTUCKY ® 
Figure 2. Location of the study plots 
Table 1. Characteristics of eight series of studies used to develop growth and yield relations 
for upland oak 
Study 
No. Plot 
Date 
study 
Initial 
average 
stand 
Range 
site 
Number 
of re-
measure-
No. years 
growth 
used in 
computing Principal 
No. Location plots size started age index ments average species 
acres years 
1 Kentucky ea 0.5 1961 33 62-77 7 7 White oak 
2 Kentucky 16 1.0 1959 80 60-68 7 7 White oak 
3 Ohio 16 0.5 1961 31 67-80 7 7 Mixed oak 
4 Ohio 16 0.5 1962 60 60-71 6 6 White oak 
5 Missouri 30 0.5 1962 22 61-89 1 5 Black oak 
6 Missouri 30 0.5 1961 40 60-84 1 6 Black oak 
7 Iowa 20 0.2 1949 25 55-66 5 12b White oak 
8 Iowa 20 1.0 1953 90 60-69 6 9 White oak 
®Nine additional plots cut to lower density levels were eliminated from analysis because 
all understory stems were cut. 
^This series received a second thinning in 1961, but response to the first thinning only 
is included. 
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The thinning method used resembled a selection thinning as defined 
by the Society of American Foresters (1950). However, the thinning 
procedure is more accurately described as "free thinning" (Braathe 1957), 
in which the marker is free to remove all trees through all crown classes. 
The thinning objective was to leave a suitable number of the best stems as 
evenly spaced as possible over the plot. In general, the larger cull and 
defective trees were cut first, then competing trees of poor form and 
quality, then intermediate and suppressed trees of lower quality and value, 
and finally, if necessary, the lower value species of the main crown class. 
High-quality desirable species were cut also if necessary to achieve a 
uniform spatial distribution. 
Species composition varied between series from white oak to almost 
pure black oak. The relative change over all growth periods in basal 
area and number of trees by species groups (Table 2) does indicate some 
differences in growth and mortality rates between species groups. But 
in this report these differences contribute to error since all species 
groups were combined in developing the regression equations. A more 
uniform distribution of plots, giving nearly equal representation to each 
age, site, and species composition at each location would be desirable. 
The effect of some factors affecting growth can not be separated out since 
several factors are confounded, such as location and species composition, 
and site quality and species composition. 
Our available data in Table 1 indicate stand age varied from 22 to 
90 years initially, which should adequately cover ages where intermediate 
cutting is normally practiced. Site index of plots averaged 69 overall, 
varying from 55 to 89, but most plots (83 percent) ranged between 60 and 
Table 2. Basal area and number of trees, in percent, by species groups® for each study at 
beginning and ending of growth period 
Group 1 Group 2 Group 3 Group 4 Group 5 
Study De te No. Basal No. Basal No. Basal No. Basal No. Basal 
No. Dc;te trees area trees area trees area trees area trees area 
1 l£i61 77.01 73.31 13.78 17.95 .44 i.n 5.40 5.45 3.37 2.18 
1ÇI68 79.77 75.30 10.12 16.48 .44 1.02 7.01 5.49 2.70 1.71 
2 1961 76.66 84.54 2.22 3.48 1.50 1.61 13.86 8.55 5.76 1.82 
1968 73.43 84.63 2.11 3.30 2.44 1.83 15.10 8.30 6.92 1.94 
3 15161 26.16 24.27 62.26 66.72 2.37 3.33 8.90 5.60 .31 .08 
1968 27.32 24.48 60.38 66.43 2.27 3.50 9.59 5.49 .44 .10 
4 1962 61.55 57.87 34.78 40.37 .28 .17 3.11 1.53 .28 .06 
1968 65.80 62.74 29.33 35.29 .42 .18 3.52 1.66 .93 .13 
5 1962 7.16 6.46 89.44 91.12 .03 .03 3.37 2.39 
1967 7.48 6.30 88.43 91.33 .03 .03 4.06 2.34 -- —  —  
6 1961 11.86 8.07 83.01 88.70 .46 .41 4.63 2.81 .04 .01 
1967 12.16 7.91 82.76 89.28 .48 .37 4.56 2.43 .04 .01 
7 1949 66.89 69.78 23.66 23.58 2.09 2.43 7.36 4.21 
1961 63.97 66.31 20.93 25.74 2.75 2.82 12.29 5.12 .06 .01 
8 1953 88.43 89.62 6.32 6.78 1.02 .28 4.23 3.32 
1962 89.54 90.47 5.04 5.76 1.08 .33 4.34 3.44 — —  
^Group 1 : Whi te oak, chestnut oak 
Group 2; Black oak, scarlet oak, northern red oak. 
Group 3: Black walnut. yellow poplar, ash , basswood , hemlock , black cherry. short!eaf pine 
Group 4: Hickory, black gum, red maple, sugar maple , post oak, blackjack oak , red elm » 
beech , black locust, shingle oak , hackberry. 
Group 5: Dogwood, serviceberry, sourwood, i ronwood, sassafras, holly , redbud , hawthorn. 
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80 site index. This distribution of site quality seems typical over a 
large part of the natural range of upland oak. 
3.2.2. Data summarization 
On each plot periodic measurements of tree diameter at breast height 
to the nearest 0.1 inch were available on all trees ^2.6 inches in 
diameter. A small subsample of no fewer than 10 trees per plot furnished 
additional data used in computing stand age, site index, and height-diam­
eter relationships. These sample trees were generally dominant or 
codominant, uniformly spaced over the plot, and were selected for their 
high potential as final crop trees. Additional details on sample tree 
selection, plot age, and site quality determinations are given in the 
original work pians.^ 
3.2.2.1. Total tree height Total tree height is one of the 
variables used in the volume equations, so sample tree height data were 
used to develop regression equations for predicting total height. There 
were insufficient height data to develop adequate equations except for 
the five major oak species components: white oak, black oak, scarlet oak, 
chestnut oak, and northern red oak. 
Briefly, the procedure for developing the model used in predicting 
total height consisted of searching literature for possible models. 
Several of the more promising models listed by Curtis (1967) were fitted 
to a randomly selected subsample of 120 observations for white oak and 
black oak. In addition, Furnival's (1964) regression screen program was 
^Study plans, establishment reports, and progress reports are filed 
at the Northeastern and the North Central Forest Experiment Stations. 
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used to select the most important from a list of possible variables, and 
subsample observations were fitted to these models using a multiple linear 
regression computer program (Kennedy 1968). 
The following model was judged to give the most precise estimates 
based on the small root mean square residuals: 
Y = Cq + CjLnS + CgLnD + CjCLnD)^ fc^LnA + c^LnDLnA (1) 
where, 
Y = the logarithm to the base "e" of total tree height 
S = site index in feet 
D = tree diameter at breast height to nearest 0.1 inch 
A = tree age in years 
Ln the logarithm to the base "e". 
All observations for each of the five oak species were fitted to this 
model using Kennedy's multiple regression program. Plotting of residuals 
indicated that this model was compatible with the customary statistical 
assumptions made in ordinary least squares linear regression analysis, 
that is, linearity, normality, additivity, and homogeneity of variance. 
These regression equations and associated statistics are listed by species 
in Table 24, Appendix A. 
In the computer program we used only two height prediction equations, 
one based on the combined white oak and chestnut oak, and the other 
based on combined black, scarlet, and northern red oak data. Statistical 
tests of equality between coefficients using the procedures of Johnston 
(1960) page 137, indicated highly significant differences due to species. 
However, the differences in computed volume probably are of little 
practical importance, hence the species were combined to give the height 
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prediction equations used in the remainder of this analysis. These 
equations are given in Table 24, Appendix A. Predicted total height is 
illustrated in Table 25, Appendix A, for the combined black, scarlet, 
and red oak trees on site index 60. The trend of height in relation 
to age, diameter, and site quality is biologically acceptable. The 
root mean square residual converted from logarithmic units to feet at 
the mean logarithmic height of 54 feet for the white oak group and 39 
feet for the red oak group indicates that standard deviation at the mean 
is approximately 5.0 to 5.5 feet and 3.5 to 4.0 feet, respectively. 
3.2.2.2. Cubic-foot and board-foot volume equations Volume 
equations, used in estimating volume of each tree, were developed from 
stem analysis data on felled trees and from measurements of standing 
trees using a Barr and Stroud dendrometer. Data were collected at the 
time plots were initially established and sample trees were located on 
or adjacent to plots in Ohio, Kentucky, and Missouri. Least squares 
estimates of the parameters using linear regression techniques resulted 
in the following volume equations: 
?i = 0.60 + .00249D2H (2) 
Yg = 0.4254 + .00182D2H (3) 
Yg = -41.04557 + .01161D2H (4) 
where, 
Yj = total cubic-foot volume of entire stem, including bark, tip, 
stump, but no branches 
V  ^ M  ^ # 1» m  ^  ^ t A  ^^  A /I 1 W I  2  "  m c #  V i » i i u i i  u u u  I  c  u u u  i  i  u u  v  «  w  i  u u i ^  v w  ^  ,  
excluding bark, stump, and branches 
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Yg = board-foot volume, International 1/4-inch rule, to an 
8,5-inch top d.i.b. 
D = stem diameter breast height to nearest 0.1 inch 
H = total tree height in feet. 
Cordwood volume was determined by dividing the merchantable cubic-
foot volume by 80 cubic feet, or expressed in equation form using equation 
3 above: 
\ = .00532 + .02275D2H/1000 (5) 
where, 
= standard cords to a 4-inch top inside bark, excluding bark 
and branches. 
3.2.2,3 Summary of plot data For each tree _> 2.6 inches in 
diameter, a data card was prepared listing the tree identification, 
species, plot age, site index, and each periodic diameter measurement 
along with the interval between measurement periods. Each unit record 
was edited using a specially prepared computer program, and corrected 
if necessary, before further analysis. 
A Fortran IV computer program was written to summarize each plot with 
respect to number of trees, basal area, total cubic-foot volume, merchant­
able cubic-foot volume, board-foot volume, ingrowth, and mortality. 
This summary program produced values for the above variables for each 
measurement period for each of the five species groups listed in Table 2 
along with values for all species groups combined. Additional information 
was computed with rcspcct tc the components of stand growth as defined by 
Beers (1962), that is, the net increase, net and gross growth both 
including and excluding ingrowth for each variable above for each 
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measurement period. This data summary computer program is not listed 
here, but is available upon request from the author. 
Part of the summarized plot data above were used as input data to 
calculate variables used in further analysis. The initial and final plot 
values for each of the above variables were used to calculate the linear 
approximation of the average value of the variable over the growth period 
and expressed on a per acre basis. These average plot values were then 
used to fit Clutter's (1963) growth and yield models and also the 
equations used in prediction system 1. The initial and final plot 
values of the variables expressed on a per acre basis were used in 
fitting the models by Sullivan and Clutter (1972) and used in prediction 
systems 2 and 3. 
3.3. Development of Growth and Yield Models for Basal Area 
and Total Cubic-foot Volume 
During the last decade much emphasis has been placed upon developing 
growth and\yield models that realistically express the derivative-integral 
relationship that must logically exist between the growth and yield func­
tions. Buckman (1962) and Clutter (1963) were among the first in this 
country to develop models based on this premise, and others have recently 
presented models based on the same premise (Curtis 1967, Moser and Hall 
1969, Schlaegel. and Kulow 1969, Schlaegel 1971, and Sullivan and Clutter 
1972). 
Sullivan and Clutter found that one of the principal difficulties 
in fitting actual data to these models was the fact that the parameters 
in any one equation were not independent of those in other equations 
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of the system. More specifically the cubic-foot yield projection 
equation is dependent upon the rate of change of basal area as well as 
other factors such as age and site quality. They stated further that 
unless this dependence is somehow recognized in the estimation process, 
the equations will not be numerically consistent. Numerically consist­
ent means that the cubic-foot volume given by the volume projection 
equation should be identical to the cubic-foot volume given by the 
cubic-foot yield equation when the projected basal area and age are 
substituted into the yield expression. In other words cubic-foot yield 
at some projected age could be determined directly from the projection 
equation when initial stand age and initial basal area are known. Or 
alternatively, we could obtain the same yield by using the initial age 
and initial basal area in the basal area projection equation and then 
substituting this projected basal area into the yield equation. 
The other principal difficulty in fitting plot data to these models 
is that successive measurements on the same plot are not statistically 
independent observations, and this fact should be taken into account in 
the parameter estimation process. The maximum likelihood principle of 
estimating parameters with appropriate van"ance-covariance assumptions 
discussed by Sullivan and Clutter (1972) provides a technique for 
overcoming both these difficulties. 
In this section four different sets of equations will be developed 
and any of these could be used to obtain growth and yield predictions 
i u r  U p t a i l U  U O N *  n u w c v c i ,  c a u i l  U l  u n c a c  d j a w c u o  n  *  *  #  y * * c  o w n i u m t u u  
different estimates of growth and yield even though the equations were 
developed from essentially the same data. These projected yield estimates 
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differ because slightly different models were used, or different 
methods were used to estimate parameters, or the projection technique 
di ffered. 
A brief description of the procedures involved in each of these four 
projection systems will be presented here to enable the reader to keep 
the distinction between these methods more clearly in mind when they are 
presented later in greater detail. 
The techniques using Clutter's original model forms are given first 
and for lack of better descriptive terminology these are labelled as 
algebraically consistent growth and yield models. Basically five 
equations are involved, and these include equations for cubic-foot yield, 
basal area growth rate, cubic-foot growth rate, projected basal area, 
and projected cubic-foot yield. The cubic-foot yield and the basal area 
growth equations were fitted to the data first. In this system the 
independent or dependent variables were a linear approximation of the 
average value over the growth interval. For example, the dependent 
variable, cubic-foot yield, was calculated as the final yield plus the 
initial yield divided by two, while the basal area growth was the final 
basal area less the initial basal area divided by number of years in the 
growth interval. The cubic-foot growth rate model was obtained next by 
differientating the cubic volume yield model. In derivative form this 
equation contained a term representating change in basal area with respect 
to time or age, hence the basal area growth rate equation was substituted 
 ^  ^ L* 4» A  ^^  T Tim ^  ^ ^ I m  ^ 4» 
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model was fitted to the average value of independent and dependent 
variables over the growth period. Finally, the two projection equations. 
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one for basal area and one for cubic-foot yield, were obtained by 
rearranging the two rate equations and integrating from the initial to 
the projected condition. It should be noted that while these equations 
are algebraically consistent, the cubic-foot yield and projected cubic-
foot yield are not numerically consistent because of reasons previously 
discussed. 
The second set of prediction equations are presented in Section 3.3.2 
and the growth and yield estimates using the equations and projection 
methods developed here are referred to as prediction system 1. The 
same cubic-foot yield equation as developed above was used here, however 
a slightly different model was used for the basal area growth rate. 
Average values of dependent and independent variables were again used 
in fitting the equations. Since volume estimates are so closely related 
to basal area we were seeking a basal area growth model that provided a 
close fit of the data and also one that could be justified on a biologi­
cal basis. The basal area growth model selected was too complex to 
integrate easily therefore no analytic projection models were developed 
as above. Alternatively, we used the computer to approximate the 
integration process. For an initial stand age, site, and basal area the 
basal area growth rate equation was solved and the annual growth was 
added to the initial basal area. Projected cubic-foot yield, one year 
later, was calculated by substituting the up-dated age and basal area 
into the yield equation. Cubic-foot volume growth was then obtained by 
3i;btraction. The growth srd yield projections obtained by this recursive 
method are compatible. Since there is no analytic projection equation 
the criteria for judging whether the equations are numerically consistent 
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is not relevant. 
The third set of prediction equations developed in Section 3.3.3 
use the least squares estimation procedure to fit the model forms proposed 
by Sullivan and Clutter (1972). Instead of using average values for the 
independent and dependent variables the initial and final values are used. 
Basically, only one linear model is involved in cubic-foot volume 
estimates. This volume projection model simplies to a conventional yield 
equation when projected age is made equal to initial age. The increase 
in basal area has been cleverly built into the volume projection model. 
A basal area projection equation is also developed but the estimates of 
parameters in this equation are derived from parameters in the volume 
projection equation. It is this feature that assures that the set of 
equations will be numerically consistent. 
The fourth set of equations are developed in Section 3.3.4. The 
same model forms as above were used and the only differences are in the 
methods of estimating parameters. Ordinary least squares procedures were 
used above while here maximum likelihood principles were used to estimate 
equation parameters. In contrast to above we do not assume that all 
observations from the initial and final measurements are independent with 
a constant variance. Rather, more realistic assumptions are made 
concerning the error correlations in the data. 
3.3.1. Algebraically consistent growth and yield models (Clutter's 
original model forms) 
We selected these mndel forms for cubic-foot volume and basal area 
growth as the starting point in this investigation. Clutter's original 
models expressed cubic-foot yield and basal area growth as a function of 
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age, site, and basal area. The model for cubic-foot yield is, 
LnV = bg + b^S + b^CLnB) + b^A'^ (6) 
where, 
LnV = the logarithm to the base "e" of the inside bark cubic-foot 
volume per acre of all stems including stump and top 
A = stand age in years 
S = site index in feet 
B = basal area per acre in square feet. 
Clutter (1963) listed the desirable features of this model as: 
1. "The mathematical form of the variates implies relationships 
which agree with our biological concepts of even-aged stand 
development (Schumacher 1939)." 
2. "The use of LnV as the dependent variable rather than V will 
generally be more compatible with the statistical assumptions 
customarily made in regression analysis (linearity, normality, 
additivity, and homogeneity of variance)." 
3. "The use of LnV as.the dependent variate is a convenient way to 
mathematically express the interaction of the independent varia­
bles in their effect on V. (For example, the change in expected 
volume occurring as a result of a change in site index from 60 
to 70 would depend on the associated values of LnB and A'^)." 
Parameter estimates in this model were obtained using the average 
value of variables for all 154 plot observations and the OSU/ECON stepwise 
regression program to calculate the ordinary least squares solution of the 
normal equations. Since we are primarily concerned with parameter 
estimation rather than hypothesis testing, only the customary assumption is 
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needed that observations are mutally independent with constant variance; 
that is, 
Var(y) = a^I (7) 
where, 
1 is an (n X n) identity matrix. Rewriting the model in matrix 
notati on, 
%= XÎ + e (8) 
where, 
2 is an (154 x 1) vector of observations 
X is an (154 x 4) matrix of observations on the independent variables 
is an (4 X 1) vector of estimated parameters 
£ is an (154 X 1) vector of residuals 
Under assumption 7 above, 
E(%) = Xj3 (9) 
since E(e^) = 0, and E(e'e) = 
where E denotes expected value. Solving the normal equations the 
appropriate estimator of ^ is, 
i = (X'X)~i X'^ (10) 
which is the familiar least squares estimator in a multiple regression 
analysis. This estimator under assumption i7) is the best (i.e. minimum 
variance) linear unbiased estimate of It is the one estimator which 
minimizes the error sum of squares. If the constant variance (homo­
geneity) assumption is false, £ is still an unbiased estimator since, 
E(i) = E[(X'X)-iX'yJ = (X'X)-iX' E(x) = (X'X)-iX'X ^ 
however, it will not be the estimator with minimum variance. If in addi­
tion to parameter estimation, we wish to make hypothesis testing with 
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respect to the parameters or compute confidence intervals, we need the 
additional assumption that the errors are normally distributed. 
The cubic-foot yield equation computed by the ordinary least squares 
regression under assumption (7) is, 
LnV = 3.09094 + .00930176S + 1.03909LnCB) - 20.11035A-1 (11) 
where, 
LnV = the logarithm to the base "e" of the total cubic-foot 
volume per acre for all trees >_ 2.6 inches dbh, including 
bark, stump, tip, but no branchwood 
S = site index in feet at reference age 50 
A = average stand age in years 
B = average basal area in square feet per acre of all living 
trees ^ 2.6 inches dbh. 
Plotting of residuals indicated that all the assumptions of linearity, 
normality, additivity, and homogeneity of variance were reasonably well 
satisfied. 
The analysis of variance (Table 3) indicates all three independent 
variables were statistically highly significant. The total cubic-foot 
volume yield (equation 11) accounts for 98.37 percent of the variation 
about the mean LnV, and has a root mean square residual of .0637 on the 
logarithmic scale. Converted to volumetric units, this indicates that the 
standard deviation may be approximately 115 cubic feet at the mean of the 
logarithmic volume which converts to 1743 cubic feet. 
In Contrast tù Clutter's equation for Icblclly pine v.'e found that two 
of the interaction terms, A'^LnCB) and SA"i were both highly significant. 
Although a smaller root mean square residual is obtained by including the 
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Table 3. Analysis of variance for cubic-foot volume per acre (equation 11) 
Source of variation Df Sum of squares Mean square 
Effect of Ln(B) 1 32.3370 32.3370** 
Added effect of A"^ 1 3.7831 3.7832** 
Added effect of S 1 0.5401 0.5401** 
Residuals 150 0.6085 0.0041 
Total 153 37.2687 
** Significant at the 1 percent level 
interaction terms, the F-ratio for the regression equation is reduced 
after the three main effects of Ln(B), A"^, and S are fitted. In the 
stepwise regression program where the terms were fitted in the order of 
their reduction of the mean square residual, we found that Ln(B) was most 
important, and was followed by the interaction terms of A"iLn(B) and SA"^. 
These three terms accounted for more of the variation about the mean 
LnCV), 99.03 percent, and the equation, given below, had a smaller root 
mean square residual, .0492, than equation [11). The computed regression 
equation is: 
LnV = 2.88998 + 1.2379Ln(B) - 9.1880A"iLn(B) + .25426SA"! (12) 
where the variables are defined as in equation 11. 
Cubic-foot volumes were computed using equation 12 over a wide 
range in age, site, and basal area. Comparisons with similar predictions 
using equation 11 indicated that the difference in volume predictions 
between sites was usually greater with equation 11. Since we expected a 
considerable difference in volume between sites, and also because we wanted 
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to determine how well Clutter's model fitted our oak data, no further 
use was made of equation 12. 
The cubic volume growth model was derived by differentiating the 
yield expression, equation 6 as: 
V-i(dV/dA) = bzB-ifdB/dA) - bgA'^ (13) 
or 
(dV/dA) = b^VB-itdB/dA) - bgVA'^ (14) 
where, 
(dV/dA) = rate of change of cubic-foot volume with respect to age 
or the instantaneous rate of cubic-foot growth 
(dB/dA) = rate of change of basal area with respect to age or 
instantaneous rate of basal area growth. 
To obtain the rate of change in basal area growth, which will be 
substituted into equation 14, we fitted the model form proposed by Clutter, 
that is, 
dB/dA = -B(LnB)A-i + c/'i + c,BSA-i (15) 
where all variables have been defined previously. In fitting our oak 
data to this model the dependent variable was defined as (dB/dA +B(LnB)A"i) 
and the two independent variables were A'^B and BSA"^. 
Using multiple regression methods to fit our data to this model and 
then subtracting the conditioning factor (B (LnB)A"^) from the left-hand 
side, the final regression equation for basal area growth is: 
dB/dA = -B(LnB)A-i + 4.93759BA-1 + .0057494BSA-1 (16) 
A comparison of the actual basal area gmwth with that predicted by 
equation 16 for all 154 observations indicates this equation accounts for 
approximately 52 percent of the variation in sum of squares about the 
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mean net basal area growth and the root mean square residuals is 0.732. 
Continuing with Clutter's procedure, the right-hand side of the 
basal area growth model (equation 15) was substituted into the cubic-foot 
volume growth model (equation 14). After substitution and rearranging 
terms, equation 17 presents the regression model used to predict cubic-
foot growth as a function of age, site, and basal area. The model is: 
dV/dA = -b2V*(LnB)A-i + b^c^vV^ + b2C^V*SA-i - bgVVz (17) 
yip 
The V term in the independent variables represents the predicted cubic-
foot volume determined from equation 11. Each of the independent varia­
bles was calculated for our oak data and the average annual volume growth 
data fitted to this model using multiple regression techniques. The 
estimate of parameters in the cubic-foot growth equation is: 
dV/dA = -21.15225V*A-2 _ 1.55948V*A-iLn(B) + 8.20503V*A-i (18) 
+ .005951V*SA-i 
An abbreviated analysis of variance for equation 18 is given in 
Table 4. Mean annual cubic-foot volume growth was 67.5 cubic feet and 
the root mean square residuals was 23.71 cubic feet. 
Table 4. Analysis of variance for total cubic-foot volume growth 
(equation 18) 
Source of variation Df Sum of squares Mean square 
Due to regression 4 707,984 176,996** 
Residuals 150 84,359 562 
Total 154 792,343 
** Significant at the 1 percent level 
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Projection equations for obtaining the future basal area and cubic-
foot volume of a given stand were obtained by integrating the growth rate 
equations (16 and 18) from initial age to projected age. The basal area 
growth rate equation was rearranged as: 
8-1(4.93757 + .0057494S - LnB)-ld8 = A'ldA (19) 
Integrating from initial basal area to projected basal area (8^ to 8^) 
and from initial age to projected age (A^ to Ap) yields the expression 
-Ln(4.93757 + .00574945 - LnBp) + Ln(4.93757 + .0057494S - LnB^) 
= LnAp - LnAq + c (20) 
In case Ap = A^ then Bp = B^ and c is zero, and if we take antilogs of 
both sides of equation 20 and solve for LnBp: 
LnBp = 4.93757 + .0057494S - A^Ap"! (4.93757 + .0057494S - LnB^) (21) 
which represents an equation for projecting the future basal area of 
a stand. 
Before integrating the growth rate equation for cubic volume, 
(equation 18), we must substitute equation 21 into this relation for LnB, 
since basal area is also a function of age. After substitution and using 
the notation B and A rather than Bp and Ap, the rearranged equation 18 is 
reduced to 
V-idV = (-21.15225A-2 + .50499A-1 - .003016A"iS + 7.70004AoA-2 
+ .008966SAoA"2 - 1.55948AoA-2LnBo) dA (22) 
Integrating on the left from Vg to Vp and on the right from Aq to Ap 
and combining the terms the projected cubic volume equat ion is ,  
LnVp = LrYû f 21.15225(4^-1 - A„-i) + (.50499 - .003016S) (LnAp - LnA,) 
- Ao(7.70004 + .008965S - 1.55948LnBo)(Ap-i - Ag-i) + c (23) 
and the constant term is zero since Vp = Vg when Ap = Aq. 
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Summarizing the results of Clutter's techniques to fit our oak 
data a set of five growth and yield equations have been derived. These 
equations are: 
Cubic-foot yield 
LnV = 3.09094 + .00930176S + 1.03909LnB - 20.11035A-1 (11) 
Basal area growth rate 
dB/dA = -B(LnB)A-l + 4.93759BA"! + .0057494BSA"! (16) 
Cubic-foot growth rate 
dV/dA = -21.15225V*A-2 - 1.55948V*A-iLn(B) + 8.20503V*A-i 
+ .005951V*SA-i (18) 
Projected basal area 
LnB = 4.93757 + .00574945 - AoAp-i(4.93757 + .005749S - LnBg) (21) 
Projected cubic-foot volume 
LnV = LnVjj + 21 .15225(A-i - Aq'^) + (.50499 - .003016S)(LnA - LnAg) 
- Aq(7.70004 + .0089665 - 1.55948LnBo)(A'l - Ag-l) (23) 
Graphs or tables showing predicted values could easily be prepared 
using these equations over a wide range of age, site, and density condi­
tions. However, Sullivan and Clutter (1972) have shown that while these 
-equations are an algebraically consistent set they are not numerically 
consistent when developed from actual data from permanent plots. This is 
because the parameters in any one equation are not independent of those in 
other equations of the system. In their recent work they have developed 
techniques to overcome this difficulty and these new techniques will be 
used on the oak data and presented in Sections 3.3.3. and 3.3.4. 
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3,3.2. Growth and yield estimates by recursive methods (Prediction system 1) 
Alternative models to those proposed above were investigated and one 
procedure for obtaining growth and yield estimates will be developed in 
this section. Briefly the procedure will consist of developing a slightly 
different model used in fitting the basal area growth rate function. Then, 
the future yield in terms of basal area is obtained by repeatedly solving 
the rate equation and updating age and basal area. The projected basal area 
is substituted each year into equation 11 to obtain annual estimates of 
cubic-foot volume yield. Annual growth in cubic volume is obtained by 
repeatedly subtracting the volume yield the preceding year from the 
current volume, that is 
AVi = Vi -
where 
i = 1, 2, , p-1, p, and p is the projected number of years 
An alternative model was sought for the basal area growth rate (equation 15) 
for two reasons, both based on biological considerations. 
1. The projected basal area using equation 21 seemed to produce 
yields in basal area that were somewhat higher than expected. It has 
been our experience that seldom do we find upland oak stands that exceed 
120-130 square feet of basal area on average sites. In our permanent 
plot data the maximum basal area yield was found in the oldest stands, 
and this maximum basal area was less than 125 square feet at age 99 years. 
In contrast to this, the projection using equation 21 starting at age 
20 on site 70 with 50 square feet of basal area would indicate approxi­
mately 157 square feet of basal area at age 100 years (Table 26, Appendix 
A). Apparently the basal area growth rate equation (16) does not 
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adequately reduce the growth rate especially when basal area stocking is 
high. In stands with high basal area stocking the mortality rate is 
high and net growth should be very low or even negative when stocking is 
exceedingly high. 
2. Maximum basal area stocking in absolute terms is considerably 
less in young stands than in older stands. For example, at age 20 we 
seldom find upland oak stands with more than 60 square feet of basal area 
in trees greater than 2.6 inches dbh while at older ages this maximum 
increases to 120 or 130 square feet. This suggests that the basal area 
stocking which provides the maximum basal area growth rate should probably 
increase with stand age. Such is not the case with the model used to 
derive equation 16. To find the basal area that provides the maximum 
growth rate on a fixed site index we can take the derivative of equation 
16 set equal to zero and solve for LnCB) as: 
Ln(B) = 3.93759 + .0057494S (24) 
Since the age term drops completely out of this equation it is 
implied that maximum basal area growth depends only on site and basal 
area, and occurs with a basal area stocking of approximately 70 to 83 
square feet on sites 55 to 85 regardless of stand age. Therefore, in 
this section we were seeking a model that would reduce basal area growth 
when stocking was exceedingly high and also one that would indicate that 
maximum basal area growth is related to age as well as site. 
A random subsample of 108 out of 734 individual growth periods was 
used to develop an appropriate model. The model? we tried had the same 
combination of variables as Clutter's model except instead of using the 
reciprocal of age we allowed the exponent on age to vary in increments of 
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.05. The model form which seemed most compatible with the biological 
considerations above is: 
dB/dA = -BA-.8Ln(B) + CqBA'-^s + CiBSA-i-OS (25) 
where, 
the variables are defined as before. 
All 154 plot observations were used in estimating the parameters in 
this model using least squares regression where the term (dB/dA + BA"*®LnB) 
was the dependent variable and the independent variables were BA"-^^ and 
BSA'1'05. The least squares regression equation using this model for 
basal area growth is: 
dB/dA = -BA-.8Ln(B) + 3.68521BA" -75  +  .011383BSA-1-05 (26) 
where dB/dA can be interpreted as the net annual basal area increment 
per acre including ingrowth for all trees 2.6 inches dbh or larger. 
Taking the derivative of equation 26 with respect to B, setting 
equal to zero and solving for LnB we obtain, 
Ln(B) = 3.68521A+.05  + .011383SA"-25 -1 (27) 
where the variables are defined as before. 
Thus, equation 27 can be used to determine the basal area stocking 
which will produce the maximum net annual basal area growth rate. Table 
27, Appendix A, gives the basal area stocking that will produce maximum 
basal area growth for a range of age and site quality conditions. 
Table 28, Appendix A, shows the maximum net annual basal area growth rate 
associated with the basal area stocking of Table 27. Since the basal area 
stocking necessary to produce the maximum growth rate does increase with 
age and site, equation 26 meets one of the conditions we were seeking in 
the model. 
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Equation 26 also seems to meet the other condition we were seeking 
in the model. That is, when basal area stocking is exceedingly high the 
equation should predict a very low or negative growth rate since mortality 
in such cases often exceeds growth. Using the same starting conditions as 
before (age 20, site 70, and 50 square feet of basal area) and repeatedly 
solving equation 26 and each year updating age and basal area, the stand 
stocking at age 100 years would be approximately 122 square feet of basal 
area (Table 26, Appendix A). This stocking seems more realistic based on 
field observations than the 157 square feet of basal area obtained using 
equation 21. Predictions of net annual growth in basal area using equation 
26 are shown graphically in Figure 3 for a range of age and density classes 
on site index 70. Net annual basal area increments per acre are tabulated 
in Table 29 (Appendix A) over a broad range of age, site, and density 
classes. 
Although several other models were developed for cubic-foot volume, 
such as equation 12, we decided to use equation 11 which was developed by 
fitting our oak data to Clutter's original cubic-foot yield model. 
Cubic-foot volume predictions using this equation are shown graphically in 
Figure 4 for a range of age and density classes on site index 65. Using 
this yield equation in conjunction with the new basal area growth rate 
equation (equation 26) it is then possible to make a direct comparison of 
how the two basal area growth rate equations affect the yield estimates. 
Unfortunately, the basal area growth rate equation (equation 26) does 
not lend itself readily to exact analytic inteyraLiuri, hcncc it was net 
possible to derive analytic models for projected basal area, projected 
cubic-foot volume, or cubic-foot volume growth rate. In practical 
Figure 3. Net annual basal area growth per acre in relation to stand age and basal 
area on site 70. 
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Figure 4. Total cubic-foot volume per acre In relation to age and baial area 
on Bite index 65. 
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applications, however, the numerical value of these variables can be 
readily obtained by using high-speed computers to approximate the inte­
gration. For example, the procedure of repeatedly calculating basal area 
growth using equation 16 and annually updating stand age and basal area 
(adding growth to basal area) will give almost identical results as 
equation 21 even for 80-year projections or longer. 
Predicted growth and yield values by prediction system 1 used this 
approximate integration procedure. Equation 26 was used to predict the 
annual net growth in basal area, then to obtain basal area projected one 
year ahead the growth was added to the previous basal area. Substituting 
this projected basal area into the cubic volume equation (11) we obtained 
an estimate of projected cubic-foot yield. The difference between the 
projected cubic volume and the cubic volume a year earlier gives the 
annual cubic volume growth. 
A computer program was written in Fortran IV language that utilizes 
the basal area growth rate (equation 26) and the cubic-foot volume yield 
(equation 11) to provide annual predictions of growth and yield in basal 
area and cubic-foot volume. Also the program provides annual predictions 
of other stand characteristics such as number of trees, cordwood volume, 
and board-foot volume, and the development of these will be discussed 
further in Section 3.4. 
The yields in basal area and total cubic-foot volume obtained by 
using the Fortran program given here are very close to yields obtained 
by using more precise numerical inieyrâLîôn techniques that approximate 
integration of the basal area and total cubic-foot volume growth rate 
equations. This alternative technique involves expressing the volume 
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growth rate in derivative form and this can be obtained easily by differ­
entiating the volume equation (11). Then, since the basal area growth 
rate is already expressed as a derivative by equation 26, these two 
differential equations can be solved simultaneously by numerical integration 
programs such as the Runge-Kutta method. More specific details on this 
differential equation approach are given by Moser (1972). Although this 
technique will more closely approximate exact integration of the rate 
equations the yields obtained by this procedure differ only slightly from 
those obtained by using the Fortran program given here. Yields obtained 
by the two approximation techniques usually differed by less than 30 cubic 
feet and less than 0.50 square feet of basal area even after 100 year 
projections. 
3.3.3. Least squares estimation for Sullivan and Clutter's simultaneous 
growth and yield models (Prediction system ^ 
The equations developed in this section and the subsequent section 
on prediction system 3 are based on the model forms proposed by Sullivan 
and Clutter (1972). The same models are used in both sections but 
assumptions on the van"ance-covariance matrix and the methods of parameter 
estimation differ. 
Sullivan and Clutter developed these models by assuming that cubic-
foot volume yield at the initial and subsequent measurement and the 
projected basal area could be written 
E(yi) = $0 + + GsLnBj 
E(y2) = $0 + PjS + $2^2 ^ ^ 83^082 
E(LnB2) = (Ai/A2)LnBi + oifl-Ai/Af) + 
(28) 
(29) 
(30) 
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where 
= logarithm to the base "e" inside-bark cubic-foot volume per 
acre including stump and top at the i^h measurement 
S = site index in feet 
Aj = stand age in years at the i^^ measurement 
LnB^ = logarithm to the base "e" of basal area per acre in square 
feet at the i^^ measurement, and 
E is expected value 
These are the same model forms given in Clutter's original work 
since the form of equation 30 is obtained by rewriting and factoring of 
the projected basal area (equation 21). 
Replacing LnB2 in (29) by its expected value (30) and simplifying 
the results, we obtain 
E(y2) = $0 + 3^5 + #2^2 ^ 83(^1/^2)^^82 + 3gOj( 1-AJ/A2) 
+ 330i2(l-Ai/A2)S (31) 
If we let 61* = 0301 and 65 = ggOg, the equation can be rewritten as 
E(y2) ~ 3o 3iS + 02^2 ^ ^ 33(A2/A2)LnB2 + 3it(l-A2/A2) 
+ 35(1-A2/A2)S (32) 
When the projection period is zero years, Aj = Ag, and the projection 
model (32) reduces to the yield model (28). Hence (32) can be used 
simultaneously as both a cubic-foot yield model and a cubic-foot 
projection model. Growth is computed as the difference between the 
projected and the initial volumes. 
From thé uêflnitions of snd we can obtain estimates of a. 
and «2 as 
«2 = 34/33, and = 35/33 
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Then projected basal area is estimated as 
B2 - exp[(Ai/A2)LnBi + aiCl-Ai/Ag) + (*2(1-A /A )S] (33) 
An ordinary least squares fit of model (33) would provide more effi­
cient estimates of aj and «2* however it would not lead to a numerically 
consistent set of prediction equations. 
The parameters in (31) were estimated using all 154 observations 
from the initial and final measurement periods. In matrix notation we 
can write the model (31) as 
E(%) = X 1 (34) 
where the matrices and X consist of the initial and final plot 
observations such that 
^(2n x 1) = 1^1 (n), and X(2n x 6) = [ X^l (n) 
W (n) 1 X2J (n) 
The elements in the row of are given by 
[ 1 Sj Aij-i LnBij 0 0 ] 
and the row of is prepared as 
[ 1 Sj A2j-i (Aij/A2j)LnBij (l-Aij/Agj) (l-AijMzjOSj ] 
Assuming that observations of the logarithm of cubic-foot volume yield 
are independent with constant variance and zero covariance, then the least 
squares estimate of parameters gives 
y^g = 3.4264 + .00750S - IS.TSGGAg-l + .98789(Ai/A2)LnBj 
+ 4.8843(1-A1/A2) + .002265(1-Ai/A2)S (35) 
where, 
yj^g = the least squares estimate of the logarithm to the base "e" 
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of total outside bark cubic-foot volume per acre for all 
trees ^ 2.6 inches dbh including stump and top but no 
branchwood 
Under these stated assumptions this is the best (i.e. minimum 
variance) linear unbiased estimator of the g vector. No assumption is 
necessary about normality unless we want to test hypothesis about co­
efficients or construct confidence intervals. If in addition to the 
assumptions of independent observations and constant variance we also 
assume that errors are normally distributed then (35) is also the maximum 
likelihood estimate of the 3 vector. Even if the assumption of constant 
variance is false the estimator is still unbiased but not the one with 
minimum variance. 
Equation 35 accounts for 96.9 percent of the variation about mean 
LnV, and has root mean square residuals of .094 on the logarithmic scale. 
The resulting analysis of variance (Table 5) shows the order that 
variables entered the regression equation and indicates all except 
(1-Aj/A2)S were highly significant in reducing the mean square residuals. 
Parameters in the basal area projection equation are determined as 
°i = = 4.94417 and = gg/gg = .0022928 
so projected basal area in Prediction system 2 is given by 
Êg = exp[ (Aj/A2)LnB^ + 4.944170-A/A^) + .0022928(1-A^/A2)S ] (36) 
This equation accounted for 92.5 percent of the variation about 
mean basal area at the final measurement period after each plot was 
projected to A^ starting with the initial age and basal area. 
The assumption that observations on volume yield at the initial 
and final measurement period are independent with constant variance is 
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Table 5. Analysis of variance for total cubic-foot volume per acre 
(equation 35) 
Source of variation Df Sum of squares Mean square 
Effect of A"i 1 44.2312 44.2312** 
Added effect of (l-A^/A^) 1 30.6609 30.6609** 
Added effect of (Aj/A^CLnB^)) 1 9.1153 9.1153** 
Added effect of S 1 0.8045 0.8045** 
Added effect of 1 0.0009 0.0009ns 
Residuals 302 2.6911 0.0089 
Total 307 87.5039 
** Significant at the 1 percent level 
not valid for these data. Repeat measurements on the same individual plot 
contain correlated errors. In growth data of this type, especially when 
the interval between measurements is short, the covariance between the 
initial and final measurements is high. The correlation between repeat 
measurements is reduced as the interval between measurements is increased, 
also since this correlation is influenced by the growth rate, other 
factors such as stand age, site, and stand density will undoubtedly 
affect this correlation in repeat measurements. 
Summarizing this section, two equations were developed for projecting 
cubic-foot volume yield and basal area. These projection equations may be 
written as 
VLs = exp[ 3.4264 + .00750S - IB./bbbAz": + .9S7S9(Ai/A2)Lr.Si 
+ 4.8843(1-AI/A2) + .002265(l-Ai/Ag)S ] (37) 
and 
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Bz = expl CAi/Ai)LnBi + 4.944170-A1/A2) + .0022928(1-Ai/A2)S (36) 
where, 
Vj^g = the least squares estimate of total outside bark cubic-foot 
volume per acre for all trees > 2.6 inches in diameter ' 
including stump and top but no branchwood 
Bz = projected basal area per acre in square feet for all trees 
^ 2.6 inches in diameter 
It should be noted that when the projection period is zero years 
(i.e., Ai = A2) then the equations reduce to simple yield expressions for 
cubic-foot volume and basal area. Growth in basal area and cubic-foot 
volume is obtained simply by subtracting the initial values from the 
projected values. 
The estimate of parameters under these assumptions is obtained 
easily by ordinary least squares regression techniques, however, in most 
cases the assumptions made here on the variance-covariance matrix are not 
tenable. Although the estimate of coefficients is unbiased they have 
larger variances than some other methods of estimation, and the variance 
of yield estimates is biased downward leading to an underestimate of the 
1 residual error. 
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3.3.4. Maximum likelihood estimation for Sullivan and Clutter's 
simultaneous growth and yield models (Prediction system 3) 
The same models used in the previous section for projected cubic-
foot yield and basal area (equations 32 and 33) are used here but the 
parameter estimation procedure will differ because more realistic 
assumptions are made concerning the variance of C^). Here we assume that 
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the observations at the time of the initial measurement have a common 
variance, say of, and that the observations from the final measurement 
period also have a common variance, say a|, and ^ a|. The assumption 
of common variance, a|, at the final measurement period may not be entirely 
valid in this case, since the growth interval differed somewhat between 
studies. However, the effect of unequal measurement intervals on this 
variance is not known so for simplicity it will be ignored here. We 
will assume that the covariance between different plots is zero although 
in the strictest sense this assumption is questionable. Thinning treat­
ments were randomly assigned to plots in each study series, however often 
plots in a series were physically located adjacent to each other. The 
assumption of zero covariance between plots is guaranteed only if sample 
plots are randomly and independently selected. Finally, we will assume 
a common covariance 012 between the first and final observations on the 
same plot. Again, the effect of unequal growth intervals on this covari­
ance term will be ignored for simplicity. 
With the above assumptions we may write 
Var(y) = 
,2 I *1,1 
,1,1 I 
(38) 
where I is an identity matrix. If we assume that the pairs of 
observations from a plot represent a random sample drawn from a bivariate 
normal population then, 
A = —^— or = Oj, (39) 
aiaz 
and the variance (y) may be rewritten as 
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VarCy) = il 
0^1 
2 
(40) 
The derivation of an appropriate estimator under these assumptions 
is given in detail by Sullivan and Clutter (1972). This derivation 
except for equation notation is given below. 
"An estimator for the more general case, in which p is unknown and 
we allow two distinct variances for the respective measurements, can be 
derived by applying the principle of maximum likelihood. Assuming a 
bivariate normal distribution for a pair of observations from a plot, we 
may write 
« 2 
9 
)'2j 9*1*2 
9*1*2 
where 
y^j = the element of , and 
x/ij = the row of . 
The likelihood function for n pairs of such y's may be written as 
L ( 3 » p  > ^ 2 * ^ 2 ^  ~  
(2Tr)-"rai2ap2(l-o2)]-n/2exp/ -1 f^^i-XiB)'(B-Xie) 
(2(l-p^} 
2p (yj. -Xj^) ' (^-X2lB) (l2~^2ë) (Y2"X2È) 
*1*2 
If we exoand the exponent and take the logarithm of L, we have 
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In L = -n ln(2m)-n Ina^-n ^r^o^-n/Z InO-p^) 
1 X 1^1 + ^'x'lXil 
2(l-pZ) 
_ 2p(^ 1^2" È X 1^2 - 6. X 2^ + ^ X 1X26) 
+ ^'2^2 - + i'X 2^2& 
rr-2 
(41) 
By differentiating (41) with respect to the vector and equating 
the result to the null vector 0, we can solve for 6 as 
i= [(l/ci2)X'iXi + (1/c22)x'2X2 - (pVôiâ2)(X'iX2 + X'^Xi)]'^ 
[(l/;i2)x'i%i + (l/aV)x'2y2 - (p/âiâ2)(x'i^ + x'2Zi)] (42) 
This maximum likelihood estimator of ^ is unbiased and the proof 
is given by Sullivan and Clutter (1972). To obtain numerical estimates 
of using the upland oak data we wrote a computer program utilizing 
various matrix subroutines from IBM's Scientific Subroutine Package. 
This program was used to solve equations (42-45) by an iterative pro­
cedure setting âi^ = 02^ = 1 and p = 0 for the first calculation of £. 
Since this implies the assumptions necessary for the least squares 
estimators to be the maximum likelihood estimators, the first calculations 
of g are identical to the least squares estimator in Section 3.3.3. 
Similarly, we obtain 
= (l/n)(^ - 2b_ X ^ X 1X1^, (43) 
(44) 
(45) 
(46) 
^ 2 ^  =  ( l / n ) ( } L ' 2 y 2  - +  i ' x ' 2 X 2 i ) ,  
and p = 012/(0102), 
where Siz = (l/n)(^'i)^ - i'x'iy2 " i'x'2Ïi + I'x'iX'zl) 
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The iteration was continued, substituting in the new estimates of £ each 
time until the elements of ^ were stable to five significant digits. 
Thus, the maximum likelihood procedure results in 
9mL = 3.0935 + .00694S - 15.007A2"! + 1 .0529(Ai/A2)LnBi 
+ 5.7266(1-Ai/A2)  - .004070-Ai/AzjS (47) 
where 
= the maximum likelihood estimate of the logarithm to the base 
"e" of total outside-bark cubic-foot volume per acre for all 
trees ^ 2.6 inches in diameter including stump and top but 
no branchwood 
The final estimates of other population parameters were: 
= .00474, 02^ = .01479, and p = .6693. 
The coefficients Sj and in the basal area projection equation were 
computed as 
cti — 3^/33 ~ 5.4388, and 0C2 ~ 35/33 ~ -.00387. 
Therefore, the final projection equations for total cubic-foot volume 
and basal area may be written 
VmL= exp[3.0935 + .00694S - 15.007A2"^ + 1 .0529(Ai/A2)LnBi 
+ 5.7266(1-Ai/A2) - .00407(1-Ai/A2)S] (48) 
and 
§2 = exp[(Ai/A2)LnBi + 5.4388(1-A1/A2) - .00387(1-Ai/A2)S] (49) 
where 
V , = the maximum likelihood estimate of total outside-bark 
mL 
cubic-foot vùluiïiê pêf acrê fOT all tfccS ^ 2.5 inches in 
diameter including stump and top but no branchwood 
§2 = projected basal area per acre in square feet for all trees 
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^ 2.6 inches in diameter. 
3.4. Development of Growth and Yield Models for other 
Stand Variables of Interest 
The equations and projection techniques given in the preceeding section 
may be used to compute four different rates of stand development in upland 
oak with respect to basal area and total cubic-foot volume. The timber 
manager often desires a more complete characterization of stand develop­
ment after thinning treatments and desires additional information on 
other stand parameters such as number of trees, ingrowth and mortality, 
quadratic mean stand diameter, merchantable cubic-foot volume, cordwood, 
and board-foot volume. 
It is the purpose in this section to develop equations that may be 
used to estimate numerical values for these stand characteristics and to 
trace their rate of change over time for a range of age, site, and density 
conditions. Finally, in Section 3.5. these equations will be used together 
in a computer program that simulates the development of upland oak stands 
after thinning. 
Prediction systems that attempt to simulate the development of a 
dynamic population, such as an upland forest, should incorporate into 
them the phenomena of (1) birth (ingrowth), [2) growth, and (3) mortality. 
These events describe the changes that occur over time in stationary 
populations. In stands where species occur in mixture rather than pure 
stands the problem of stand dynamics is considerably more complex because 
of inherent differences between species in their ability to reproduce, 
grow, and survive in mixtures. Furthermore, the relative growth and 
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mortality rates do not remain constant between species, but vary with 
changes in stocking, site quality, age, and other environmental influences. 
Although the data in Table 2 indicate some differences in stand 
development between species, it appears that a larger data base or longer 
growth periods would be more suitable for developing mixed species models. 
No distinction between species is made here except for the height and 
volume equations described earlier. When adequate data are available to 
differentiate between species, size class, and quality class components of 
a stand the results will be immensely more powerful in evaluating silvi-
cultural practices. 
3.4.1. Ingrowth rate 
Both ingrowth and mortality rates are extremely difficult to quantify 
even in fully stocked natural stands. When stocking is altered by thin­
ning, precise estimates of these phenomena are even more elusive. Both 
are extremely important in forecasting probable stand development, and 
they influence many of the stand characteristics commonly dealt with, such 
as the number of trees, average diameter, and stand volumes. 
Ingrowth and mortality rates, expressed as ratios of ingrowth or 
mortality trees to the average number of living trees, were the dependent 
variables used in fitting various functions of age, site, basal area, 
number of trees, and average diameter. The reader is again reminded that 
the average referred to here is the linear approximation as determined from 
the initial and final measurements. Various combinations and transforma­
tions of these fàclôrs néi'è uSêu 55 independent variables ir. several 
proposed models. In general, we tried to transform or combine these 
variables so that the relationship agreed with our biological concepts. 
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Dependent variables were plotted against the independent terms to determine 
if the relationships were linear as expected. 
None of the proposed models accounted for more than 50 percent of 
the variation in the total corrected sum of squares. For the more 
promising models we tried projecting stand development from initial age 20 
to 100 years and then the results of this projection were compared with 
existing stand tables (Schnur 1937). Selection of the candidate model 
was then based not only on a statistical basis (smallest root mean square 
residuals) but was somewhat dependent upon this comparison with existing 
stand tables and whether the projections fell within the range of values 
we expected based on our own experience with such stands. 
The model we selected for the ingrowth rate was fitted to all 154 
plot observations. Estimated parameters in this model were obtained by 
least squares multiple regression techniques. The resulting equation used 
in predicting ingrowth rate is 
Yj = .09264 + .00000113A2 - .015674Ln(B) - .07618DA--8 
+ .001019NA"-® - .00000083SN (50) 
where, 
Yj = the ratio of annual number of trees reaching 2.6 inches dbh 
to average number of living trees ^ 2.6 inches in dbh 
D = quadratic mean stand diameter of all trees ^ 2.6 inches dbh 
N = average number of living trees ^ 2.6 inches dbh 
and 
A, 5, and S àré clefinêd previously. 
Equation 50 accounts for approximately 45 percent of the variation in 
sum of squares about the mean annual ingrowth rate (.0063) with root mean 
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Table 6. Analysis of variance for ingrowth rate (equation 50) 
Source of variation Df Sum of squares Mean square 
Due to regression 5 .0080592 .001612** 
Residuals 148 .0098387 .000066 
Total 153 .0178979 
** Significant at the 1 percent level 
square residuals of .0082. Table 6 shows an abbreviated analysis of 
variance for the ingrowth rate equation. 
Failure of either the ingrowth or the mortality equations to 
adequately predict the rates over the range of age, site, stocking, and 
number of trees will affect estimates of the number of trees, quadratic 
mean diameter, merchantable cubic-foot volume, and board-foot volume. 
Neither the basal area growth nor the total cubic-foot volume estimates 
presented earlier will be affected since number of trees and diameter 
are not variables in those equations. 
3.4.2. Mortality rate 
The same procedure was used in developing the mortality rate model 
as the ingrowth model. Using the 154 observations the parameters in the 
mortality model were estimated by least squares multiple regression 
techniques as 
9 = -.150213 - 1.181A-i'05 + .02972LnCS) + .007846Ln(N) 
ïï] 
+ .1111520-1 (51) 
where, 
= the ratio of annual number of trees that die to average 
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number of living trees >_2.6 inches dbh 
and 
A, S, N, and D are defined previously. 
Equation 51 accounts for only about 26 percent of the variation in 
sum of squares about the mean mortality rate (.0092) with root mean 
square residuals of .0094. An abbreviated analysis of variance (Table 7) 
illustrates that the regression equation for mortality is statistically 
highly significant. 
Table 7. Analysis of variance for mortality rate (equation 51) 
Source of variation Df Sum of squares Mean square 
Due to regression 4 .0044916 .001123** 
Residuals 149 .0130682 .000088 
Total 153 .0175598 
** Significant at the 1 percent level 
It does not appear likely that either the rate of ingrowth or mortal­
ity can be predicted with any high degree of precision using such short 
growth intervals. There are undoubtedly many factors besides those 
incorporated into the equations that influence ingrowth and mortality. 
Local weather conditions such as unusually high or low precipitation, 
severe hot or cold weather, or late killing frosts cause erratic behavior 
patterns especially in mortality over short intervals. Insect and 
disease occurrence also probably contributes tn this erratic pattern. 
These same factors also influence the growth patterns but probably to a 
lesser degree. The higher incidence of mortality and lower growth than 
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expected in the two Ohio studies may be related to the severe drought 
conditions during two years of the measurement period and also to a 
severe killing frost in late May 1966. 
In simulating the development of a forest stand over time, it is 
more important that the models for ingrowth and mortality rates conform 
to long-term trends rather than providing precise estimates over short 
intervals. Simulations for a wide range of initial conditions in age, 
site index, basal area, number of trees, and average diameter indicate 
that the ingrowth and mortality rates of equations 50 and 51 lead to 
predictions that generally agree with biological concepts of even-aged 
stand development. However, unrealistic estimates were noted for young 
stands growing on a low site quality and where the number of trees was 
unusually high. Therefore, adjustments in the predicted rates were made 
in the computer program and these adjusted rates provide more realistic 
estimates for stands with these conditions. The unadjusted equations 
performed quite satisfactorily as long as the stand conditions were 
within the range of values found in the original study plots. Therefore 
the adjustments were constructed so that they would have a minimum effect 
on the unadjusted values as long as stand conditions were within this 
range. The adjustments are made in the computer program so that more 
reasonable estimates will be generated when stand conditions exceed this 
range especially in terms of number of trees. Few natural stands will 
exceed the range of variables covered by the study plots so these adjust­
ments will have very little arfêct on projections for nest stands. 
The adjustment applied to the Ingrowth rate was calculated as 
AFi = .00001391 (90-S)2(50-A)V(900-N)2 (52) 
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and for the mortality rate the adjustment factor was calculated as 
AF^ = .00370714(90-S)C90-A)"1N3C10)-8 (53) 
where, 
AFj = adjustment factor for ingrowth rate 
AF^ = adjustment factor for mortality rate 
In the simulation program the adjustment factors for both ingrowth 
and mortality were applied only when stand age was under 50 years. For 
stands under 50 years the adjustment factor for ingrowth was subtracted 
from the ingrowth rate given by (50) and the factor for mortality was 
added to the prediction of (51). If either rate was negative it was set 
equal to zero and if number of trees was greater than 850 the ingrowth 
rate was arbitrarily set equal to zero. For the vast majority of stand 
conditions encountered these adjustments have very little affect on the 
estimated number of trees. 
3.4.3. Merchantable cubic-foot volume 
Although the change in total cubic-foot volume content of all trees 
in a stand including bark, stump, and top is one of the best measures to 
describe the productive capacity of a given area and stand, this measure is 
seldom used by the practitioner in the field. Generally, only a portion of 
the total volume is marketable and it is this proportion that interests the 
manager most. This merchantable portion can be expressed in various ways 
including merchantable cubic-foot volume, cordwood, board-foot volume, or 
by weight. Merchantability specifications vary widely from one region to 
another and frnm species to species because of local market conditions, 
products, etc. The use of conversion factors that give the proportion of 
merchantable to total volume will be used here to arrive at estimates of 
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merchantable yields. 
We used theoretical considerations to develop appropriate models to 
describe the relationship between merchantable and total volume. It was 
hypothesized that the ratio of merchantable to total volume would follow 
a sigmoid-type curve form when plotted against average stand diameter. 
Actual plotting of both the merchantable cubic-foot and the board-foot to 
total cubic-foot volume ratios over average stand diameter for these data 
provided no evidence for rejecting this hypothesis. 
The techniques of Jensen and Homeyer (1970) were used to obtain the 
appropriate transformation of variables so a least squares fit could be 
obtained. The technique involved plotting a subsample of observations of 
the ratio of merchantable to total volume over average stand diameter and 
fitting these data by a free-hand curve. Values read from the curve were 
re-scaled and the new plotting of curve form was compared to their stand­
ard curve forms to obtain the most suitable transform. This procedure led 
to the model 
Y = gg + . expE -CI.2987 - .08117Dl^° ] (54) 
where, 
Y = the ratio of merchantable cubic-foot volume to total 
cubic-foot volume, and 
D = quadratic mean stand diameter of trees ^ 2.6 inches dbh. 
Ordinary least squares linear regression techniques were used to fit 
all 154 plot observations to this model. Parameters in model 54 were 
estimated as 
Y = -.052676 + .7876045 • exp[ -(1.2987 - .081170)1° ] (55) 
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where, 
Y = the estimated ratio of merchantable cubic-foot volume to total 
cubic-foot volume. Merchantable volume is for all trees ^ 4.6 
inches dbh and the volume excludes stump, bark, branches, and 
top above 4.5 inches dob. 
Plotting of residuals against the independent variable 
(exp[ -1.2987 - .081170]^°), and also plotting observed values against 
the independent variable, and computed against the observed dependent 
variable failed to produce any evidence for not accepting the customary 
assumptions in ordinary least squares regression. 
Equation 55 accounted for 98.5 percent of the variation in the 
corrected sum of squares. Mean ratio of merchantable to total volume was 
0.632 and the root mean square residuals after fitting equation 55 was 
0.0161. An abbreviated analysis of variance for (55) is shown in Table 8. 
Table 8. Analysis of variance for ratio of merchantable cubic-foot 
volume to total cubic-foot volume (equation 55) 
Source of variation Df Sum of squares Mean square 
Due to regression 1 2.61042 2.61042** 
Residuals 0.03954 0.0003 
Total 153 2.64496 
** Significant at the 1 percent level 
TU^ /CC\ 4 f* 4 m Taklm OH A K%/ 
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dbh classes. In the computer program the ratio was set equal to zero 
if D <2.3 inches and equal to 0.735 if D > 16 inches. Merchantable 
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cubic-foot volume estimates are obtained by multiplying the ratio by the 
estimated total cubic-foot volume. Merchantable volume estimates are 
computed but are not printed by the simulation program, instead the 
merchantable volume estimate is converted to a cordwood estimate by 
dividing by 80 cubic feet. 
3.4.4 Board-foot volume 
Following the same procedure as in the previous section the model 
for fitting the ratio of board-foot to total cubic-foot volume was 
derived as 
Y = Pq  + . exp[ -(2.00 - .1250)^ ] (56) 
where, 
Y = the ratio of board-foot volume to total cubic-foot volume. 
Board-foot volume based on International 1/4-inch rule for 
trees ^8.6 inches dbh to a top dob of 8.5 inches. 
Parameters were estimated by ordinary least squares linear regression 
using all plot observations and the estimates are 
Y = -.088414 + 3.63827 • exp[ -(2.00 - .1250)^ ] (57) 
where 
Y = the estimated ratio of board-foot volume to total cubic-foot 
volume, and 
D = quadratic mean stand diameter of trees ^2.6 inches dbh. 
Equation 57 accounted for 96.9 percent of the variation in the 
corrected sum of squares. Mean ratio of all plots was 1.277 and the root 
mean square residuals after fitting the equation was 0.23b]. Table 9 
indicates that the regression was highly significant in reducing the 
residual sum of squares. 
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Table 9. Analysis of variance for ratio of board-foot volume to 
total cubic-foot volume (equation 57) 
Source of variation Df Sum of squares Mean square 
'êc'it Due to regression 1 262.1638 262.1638 
Residuals 1% 8.4043 0.0553 
Total 153 270.5681 
** Significant at the 1 percent level 
Predicted ratios are given in Table 30, Appendix A, by one-inch 
diameter classes. In the computer program board-foot estimates were 
obtained by multiplying the ratio by the estimated total cubic-foot volume. 
This ratio was set equal to zero when D < 4.8 inches and equal to 3.55 if 
D > 16 inches. 
3.4.5. Stocking percent 
Forest practitioners working in the even-aged upland hardwoods of the 
East frequently use stocking percent to indicate the relative degree of 
site occupancy. The stocking charts developed by Gingrich (1967) are 
rapidly becoming an important tool of forest managers in this region. 
Recently they have been used as a guide leading to siIvicultural prescrip­
tions (USDA 1962, Roach and Gingrich 1968). 
Gingrich's stocking chart reproduced and illustrated here as Figure 5 
is based on the tree-area ratio equations developed by Chisman and 
Schumacher (1940). Gingrich determined the coefficients in this equation 
as 
Y = -.0507N + .1698 zD + .0317 ZD^ (58) 
i 
I 
100 150 200 250 300 
Trees per acre (number) 
5 6 7 8 9 10 II 
Hundred trees oer acre 
Figure E. Relation of basal area, number of trees, and average tree diameter to stocking percent 
for upland central hardwoods. Tree-diameter range 7-15 (left), 3-7 (right). The area between 
curves A and B indicates the range of stocking where trees can fully utilize the site. Curve C 
shews the lower limit of stocking necessary to reach the B level in 10 years on average sites. 
CAverage tree diameter is the diameter of the tree of average basal area) 
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where 
? = tree area in mil acres 
D = tree diameter in inches 
N = number of trees per acre 
This equation can be used to solve for the minimum tree-area require­
ments of a given size tree growing under fully stocked stand conditions. 
When the sum of these tree-areas reaches 1000 mil acres the stand is said to 
be 100 percent stocked. The stand conditions expressed in terms of basal 
area, number of trees, and quadratic mean stand diameter that are represent­
ative of 100 percent stocking are shown in Figure 5 by Curve A. The stock­
ing of any stand relative to this 100 percent curve can then be obtained by 
either reading from the graph or by using equation 58 and multiplying the 
appropriate coefficient by the number of trees, the sum of diameters, and 
the sum of squared diameters. 
In our computer program for predicting growth and yield neither method 
of obtaining stocking percent was feasible. A diameter frequency distribu­
tion was not required in the prediction program, hence it was not possible 
to calculate the sum of diameters or the sum of squared diameters needed in 
equation 58. Expressing the graph in tabular form and using a computer 
search procedure would be inefficient and cumbersome. Alternatively, we 
used a diameter power function that may be used to closely approximate the 
graph in Figure 5. 
Curtis (1971) found that an expression of form TAR = az(D.j'') should 
be practically equivalent to the original Chisman-Schumacher form. To ob­
tain a value of b in this relation that is appropriate to upland oak stands 
we compared the tree area calculated by equation 58 for diameters ranging 
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from 1 to 20 Inches to the value of 0.10^ where b varied between 1.5 and 
1.8. Although a better technique is available for estimating the appropri­
ate value of b (Curtis 1971) we found that O.ID^'? closely approximated 
the tree areas obtained in equation 58. Therefore, we used 1.7 as the 
value of b in the model selected to approximate the relations in Figure 5. 
This model is 
Y = a + 601-7 (59) 
where 
Y = the ratio of average stocking percent to average number of 
trees ^ 2.6 inches dbh over the growth period, and 
D = the average quadratic mean stand diameter over the growth period. 
Stocking percent, used in the dependent variable, was obtained by 
summing the individual tree areas calculated by equation 58 for all trees 
^2.6 inches dbh and averaging the initial and final measurements and 
expressing the tree-area per acre on a percentage basis. All 154 plot 
observations were fitted to model 59 by ordinary least squares regression 
and the estimate of parameters gave 
Y = .00913815 + .009378301-7 (60) 
Equation 60 accounted for 99.97 percent of the variation in the 
corrected sum of squares. Mean of the stocking percent to number of trees 
ratio was .3516 and the root mean square residuals for equation 60 was 
.00424. An abbreviated analysis of variance shown in Table 10 indicates the 
regression equation was highly significant. 
In the ccmpiitsr prcgraa the ratio estimated by equation 60 wa? multi­
plied by the number of trees to obtain a stocking percent estimate. These 
estimates were very close to the stocking percent values obtained by using 
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Table 10. Analysis of variance for ratio of stocking percent to 
number of trees (equation 60) 
Source of variation Df Sum of squares Mean square 
Due to regression 
Residuals 
8.3066 8.3066** 
152 0.0028 .00002 
Total 153 8.3094 
**Significant at 1 percent level. ~ 
equation 58 and the sum of diameters and sum of squared diameters. Using 
the initial and final plot measurements for number of trees and quadratic 
mean diameter, stocking percent was estimated by equation 60 and compared 
with the tree-area ratio values using equation 58. In no case did the 
estimate of stocking percent differ by more than 2.7 and the mean difference 
for the 154 plots at the initial measurement was 0.52 and at the final 
measurement 0.18. Equation 60 accounted for 99.73 percent of the variation 
in corrected sum of squares at the initial measurement and 99.83 percent at 
the final measurement. The equation seems to perform equally well over the 
entire range in number of trees, basal area, and diameter given in Figure 5. 
3.5 Computer Program to Predict Growth and Yield of Upland 
The growth and yield equations developed in previous sections were 
incorporated into a computer program that may be used by forest practi­
tioners to illustrate stand development of upland oak for a variety of 
initial stand conditions. Details on program use and a complete program 
Oak Stands after an Initial Thinning 
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listing are given in Appendix D. The listing is for the specific equations 
used in prediction system 1, however by substituting equations and some 
program modification it can be used to accommodate the other prediction 
systems. 
Only four input variables are required in this program: (1) stand 
age, (2) basal area, (3) site index, and (4) number of trees per acre. 
These input variables are commonly used by foresters and are relatively 
cheap and easy to obtain. The program generates annual predictions of 
various stand characteristics for 30 years although the projected number 
of years could easily be increased, and these projections include basal 
area, quadratic mean stand diameter, stocking percent, number of trees, 
total cubic-foot volume, cordwood, and board-foot volume. Annual net 
growth estimates are in terms of basal area, stocking percent, cubic-foot 
volume, cords, and board-foot volume. Growth and yield models are treated 
as deterministic in the simulation. 
Variations of this computer program were used to make comparisons of 
the different prediction equations [Chapter 4) and were also used to 
generate some growth and yield tables for practical field use (Chapter 5). 
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4. COMPARISON OF PREDICTION SYSTEMS 
4.1. General 
We mentioned earlier the heterogeneous nature of upland oak stands 
and the complexity of stand dynamics due to the changing relationships with­
in and between stand components. It should not be surprising therefore to 
find that the expected values of a few relatively simple regression equa­
tions fail to account for all or even the greater part of the changes that 
occur in these stands over time. 
Our use of regression analysis has been primarily for the purpose of 
prediction, i.e., given one or more observed variables, X^., the regression 
equation was used to predict or estimate the expected value of the depend­
ent variable, Y^. The reader is cautioned against inferences that would 
imply some causal relationship between the independent and dependent 
variables. Caution should also be used in interpretation of some of the 
sample statistics generated for some regression equations, particularly 
with reference to the multiple-coefficient of determination, R2, and the 
standard error of estimate. For example, in the equations used to summarize 
original plot volume (equations 2, 3, and 4), total tree height was not 
measured without error but was only an estimated variable with an associated 
error term. The ordinary least squares regression theory is based on 
the assumption that these independent variables must be measured without 
error, so the admission of both observational error and estimation error 
would render the ordinary procedures or formulae of unknown exactitude with 
respect to parameter estimation and confidence statements. A similar situ­
ation is apparent with some other equations used in the projection systems. 
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For example, in prediction system 1 the basal area growth is repeatedly 
determined using a basal area term that depends partially upon a previous 
estimate of basal area growth. Also, the cubic-foot volume growth rate 
(equation 18) uses an estimated cubic-foot volume as one element in the 
independent variables. 
Some equations use independent variables that are apparently corre­
lated with each other. For example, basal area and age are often highly 
correlated. This multicollinearity need not cause any great concern as 
long as the equation is used in prediction rather than explaining a causal 
relationship. The addition to the regression equation of independent vari­
ables that are correlated with other independent variables already in the 
relation will result in different estimates of the parameters. But if the 
objective is merely prediction, as is the case here, then we do not con­
sider these regression coefficients as estimates of some underlying func­
tional parameters. 
The approach used here to evaluate the different prediction systems 
will be empirical in nature rather than using a theoretical approach to de­
rive the estimated variances and standard errors for the many stand varia­
bles of interest. First, the actual value will be compared with the com­
puted value using the initial stand characteristics of each of the 154 
original plots as a starting point in the projections. Second, actual 
values will be compared with predicted values for an independent set of 
plot data consisting of 55 observations. Examination of the residuals 
WILII I CbpCUL LU vai lUUb I llucpcilucilL vai iawiC9 aiiu nivii icapcvv vu o 
location and species composition may give an indication of the relative 
precision of the different systems. 
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4.2. Tests on Original Plots 
Initial stand conditions with respect to age, basal area, number 
of trees, and site index were used to obtain predicted values for several 
variables of interest. Predicted values using the three different predic­
tion systems were compared with the actual plot values obtained at the 
final measurement period. 
The sum of residuals, sum of squared residuals, and the total correct­
ed sum of squares are given for each prediction system for each of the 
eight studies that comprised the original source of data. These statistics 
are shown for basal area and the initial and final total cubic-foot volume 
estimates in Tables 11, 12, and 13. Similar tables that give these sta­
tistics for other variables of interest are Tables 31 through 35, Appendix A. 
4.2.1. Basal area predictions 
The difference between predicted and actual basal area (Table 11) 
varies considerably between the eight studies, however based on all plots, 
prediction system 1 (equation 26) provides the smallest sum of residuals 
and the smallest sum of squared residuals. Basal area of all plots 
actually increased a total of 1,980 square feet over the growth interval 
while the predicted increase was 2,011 square feet using equation 26. 
Thus, equation 26 over-estimated basal area growth by 1.6 percent while 
equation 36 (prediction system 2) and equation 49 (prediction system 3) 
under-estimated basal area growth by 27 and 21 percent, respectively. The 
average plot actually increased in basal area by 12.86 square feet over the 
growth period and the root mean square residual was 4.88 square feet for 
prediction system 1 compared to 6.14 and 5.66 for prediction systems 2 and 
Table 11. Comparison of actual and predicted basal area per acre at the final measurement for 
three prediction systems 
Study: 
No. : Actual basal area : 
Squared 
deviations 
Sum of residuals 
(Act.-Pred.) 
Sum of squared 
residuals 
J : Initial Fi nal Growth: from mean Pred. 1 Pred. 2 Pred. 3 : Pred. 1 Pred. 2 Pred. 3 
1 384 467 83 540 3 16 11 38 103 76 
2 822 971 149 7,781 11 82 75 64 479 410 
3 813 975 162 2,667 -92 -22 -30 695 265 290 
4 1,005 1,032 27 2,230 -104 -51 -60 1,142 779 850 
5 1,111 1,577 466 14,449 2 141 141 202 852 868 
6 1,500 1,821 321 13,082 -11 114 103 187 627 553 
7 . 1,020 1,626 606 5,956 111 168 113 916 _1.946 1,288 
8 1,950 2,116 166 29,263 50 84 65 333 611 466 
All 
plots 8,605 10,585 1,980 75,968 -31 533 417 3,578 5,662 4,802 
Table 12, Comparison of actual and predicted total cubic-foot volume at the initial measurement 
period for three prediction systems 
Study : 
No. : 
/ictual total 
cubic-foot : 
volume : 
Squared 
deviations 
: Sum of residuals : 
: (Act.-Pred.) : 
Sum of squared® 
residuals 
j : "otal Mean : from mean : Pred. 1 Pred. 2 Pred. 3 : Pred. 1 Pred. 2 Pred. 3 
1 10,050 1,675 154 -189 -539 -647 8 49 72 
2 29,538 1,846 8,997 -193 -816 1,013 30 74 100 
3 20,846 1,303 4,550 -977 -1,749 -1,728 77 205 221 
4 32,882 2,055 5,544 -1,260 -1,936 -585 194 312 144 
5 27,460 915 23,747 3,371 2,190 1,504 437 205 91 
6 43,714 1,457 13,560 -3,602 -4,669 -3,204 621 872 577 
7 22,662 1,133 9,549 1,867 482 -372 206 35 17 
8 79,758 3,988 105,665 5,778 6,030 8,310 1,731 1,906 3,554 
All 
plots 265,910 1 ,733 171 ,766 4,795 -1 ,007 4,291 3,304 3,658 4,776 
^Values expressed in thousands 
Table 13. Comparison of actual and predicted total cubic-foot volume at the final measurement 
period for three prediction systems 
: Actual total : : : 
Study: 
No. : 
cubi c-foot : 
volume 
Squared* 
deviations 
: Sum of residuals : 
(Act.-Pred.) 
Sum of squared® 
residuals 
J : Total Mean : from mean : Pred. Pred. 2 Pred. 3 : Pred. 1 Pred. 2 Pred. 3 
1 12,526 2,088 203 -1,360 -1,270 -1,460 345 300 387 
2 36,809 2,301 10,168 1,203 3,045 4,779 212 717 1,593 
3 27,069 1,692 5,922 -5,458 -4,030 -3,975 2,045 1,295 1,359 
4 25,625 2,227 1,963 -4,333 -3,231 -2,044 1,985 1,574 1,318 
5 40,428 1,348 27,842 -425 1,801 1,364 113 218 218 
6 E7,195 1,907 15,363 -4,240 -1,279 238 814 482 634 
7 <0,328 2,016 2,395 -392 -390 -2,506 185 587 1,273 
8 S'l ,760 4,588 115,381 11,569 13,109 14,846 7,204 9,141 11,615 
All 
plots 3/n ,740 2,219 179,237 -3,436 7,755 11,242 12,903 14,314 18,397 
®Val lies expressed in thousands 
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3 (Table 14). Correlation between the observed and the predicted basal 
area for the three prediction systems (Table 15) was .953, .925, and .937, 
respectively. 
4.2.2. Total cubic-foot volume predictions 
The initial total cubic-foot volume for all plots totaled 266,910 
cubic feet. The initial volume predicted for the 154 plots was under-esti­
mated using equation 11 (prediction 1) and equation 48 (prediction 3) by 
1.8 and 1.6 percent, respectively. Equation 37 (prediction 2) over-esti-
mated initial volume by 0.4 percent. The sum of squared residuals 
(actual minus predicted) was slightly smaller for prediction system 1 than 
for the other two methods at both the initial and final measurements (Tables 
12 and 13). The correlation between the observed and predicted total 
cubic-foot volume was slightly higher for prediction 1 at both the initial 
and final measurements than for the other methods (Table 15). 
Although prediction 1 under-estimated the initial volume the final 
volume was over-estimated by about 1 percent. Prediction systems 2 and 
3 under-estimated final volume by 2.3 and 3.3 percent, respectively. 
Actual total cubic-foot volume growth 6ver the growth interval is 
the difference between the final and initial volume or 74,830 cubic feet. 
Predicted total cubic-foot volume growth is the difference between the 
final and the initial predictions and this was calculated as 83,061, 66,068, 
and 67,879 cubic feet for the three prediction systems, respectively. 
Hence, total volume growth was over-estimated for prediction 1 by 11.0 per­
cent and under-êâtlmatcu by 11.7 and 9.3 percent for prediction systems 2 
and 3. 
Table 14. Periodic mean growth and root mean squared residuals based on periodic growth 
estimates for three prediction systems 
Predi cti on Basal Total Merch. Board-foot No. Ave. 
Statistic system area volume vol ume volume trees dbh 
Mean Actual 12.86 486 404 1,168 -7.6 .882 
1 13.06 539 411 1,059 -4.7 .922 
2 9.40 429 323 699 -4.0 .634 
3 10.15 441 336 734 -4.2 .671 
Root mean 1 4.88 206 155 805 38 .291 
squared residuals 2 6.14 217 164 929 37 .364 
3 5.66 217 157 896 37 .342 
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Table 15. Correlation between observed and predicted stand characteristics 
based on 154 plots for three prediction systems 
R2 
Prediction 1 Prediction 2 Prediction 3 
Basal area .953 .925 .937 
Total Cu. Ft. Vol 
Initial 
Final 
.981 
.928 
.979 
.920 
.972 
.897 
Merch. Cu. Ft. Vol. 
Initial 
Final 
.988 
.938 
.985 
.935 
.980 
.921 
Board-foot volume 
Initial 
Final 
.980 
.940 
.979 
.934 
.972 
.923 
Number of trees .957 .959 .960 
Ave. stand diameter .992 .987 .989 
From the correlation between observed and predicted yield (Table 15) 
it may appear that yield in terms of basal area and volume is predicted 
with a high degree of precision. When short growth periods are involved, 
as is the case here, one should expect this correlation to be very high. 
A few years growth added to the original volume changes the yield only a 
small amount and hence growth predictions could have extremely large errors 
and still a high correlation would exist between actual and predicted 
yields. The examination of actual growth compared to predicted growth is 
frequently czittcd by grcv.'th and yield researchers. It will be examined 
here to illustrate that although yields appear to be predicted with a high 
degree of precision, the prediction of growth itself is extremely difficult 
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without a large error term attached. 
Actual periodic growth on a per acre basis was determined as the 
difference between the final and initial measurements. Predicted periodic 
growth was determined as the difference between the final and the initial 
predicted values for volume, and in the case of basal area, number of 
trees, and average stand diameter, it was the difference between the final 
predicted and the actual initial values. Comparisons were made on the 
basis of both periodic growth over the growth interval and average annual 
growth over the growth interval. Growth on an annual basis should be 
easier to interpret since the periodic growth statistics included unequal 
growth intervals between different study plots. 
Mean growth and the root mean squared residuals are given for the 
three different prediction systems in Table 14 for periodic growth and 
Table 16 for mean annual growth. In either case the equations used in 
prediction system 1 generally seemed to provide the smallest error, or at 
least as small as the other two systems for the six stand variables of 
interest. 
4.2.3. Pure error estimates of actual growth 
Each of the studies were originally designed to provide replication 
of most density treatments. These replications involved 2, 3, 4, or 5 
plots where stand variables of age, site, number of trees, and basal area 
were quite uniform. Although the plots within a replication are not exact 
repeat measurements of the independent variables, they are similar enough 
to provide some good approvimatinns of the natural variation in growth of 
these stands. Since all plots in a replication were located in the same 
general area and growth was over the same time period, the natural varia-
Table 16,. Mean annual growth and root mean square residuals based on average annual growth 
estimates for three prediction systems 
Predi cti on Basal Total Merch. Board-foot No. Ave. 
Statistic system area volume volume volume trees dbh 
Mean Actual 1.80 67 56 162 -1.2 .129 
1 1.90 77 59 157 -0.7 .136 
2 1.32 60 45 102 -0.6 .092 
3 1.41 61 46 106 -0.6 .096 
Root mean 1 .692 29 20 99 4.2 .039 
squared residuals 2 .862 29 22 114 4.2 .056 
3 .833 29 22 111 4.2 .054 
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tion due to location or difference in climatic conditions was eliminated. 
The contribution to the pure error sum of squares for each of these 
replications was calculated as 
i"..".' - V-
where, 7^= (Yn + Y12 + •••+ Y^^ )/n^, and each of these sums of squares 
has Cn^ - 1) degrees of freedom. Average annual growth rather than peri­
odic growth was used in computing pure error because comparisons are easier 
to interpret on an annual per acre basis. Table 17 gives the mean and the 
estimated variance for each of these replications along with the average 
age, site, basal area, and number of trees at the initial measurement. 
The total sum of squares for pure error was the summation over all k sets 
of replications, or 
k n^ _ 
E z (Y. - Y. )2  , The total mean square for pure error given in i=i u=i 'u 1 
Table 17 is the total sum of squares divided by the appropriate degrees 
k 
of freedom, i.e., n^ - k. 
These estimates of pure error are shown for each replication along 
with the stand characteristics because they may be helpful in planning 
future growth and yield studies in the upland oak type. They also aid in 
evaluating the success of the three prediction systems given here. The 
pure error associated with each of the different growth components is 
much smaller than indicated for any of the different prediction systems. 
Generally the root mean square for pure error is only about half as large 
as the root nieari square rssioudis tût" tué pieuiction systems. Cstiiîîûtêd 
variance differs little between studies where age, site, and density 
conditions are about equal, however, the mean growth often differs con-
Table 17. Mean annual growth per acre and estimated mean square pure error for plots with 
similar initial stand conditions 
: Ave. : Ave. : ; Ave. : ; Mean annual growth per acre and MS error 
Study : 
No. : 
No. 
plots 
: basal 
: area 
: site 
: index 
: Ave.: 
: age : 
no. 
trees 
:Stat-: 
ristic: 
Basal 
area 
Total 
vol ume 
Merch. 
volume 
Bd.Ft. 
volume 
No. 
trees 
Ave. 
dbh 
1 3 66 70 33 695 7 1.74 54 71 41 -17.4 .12 
s2 
.378 34 24 841 39.3 .0003 
1 3 62 67 33 651 T 2.22 64 73 39 -9.0 .10 
s2 
.007 25 29 957 1.3 .0000 
2 4 23 64 79 43 7 1.19 52 36 203 2.0 .01 
s2 .086 155 60 2,225 0.9 .0046 
2 4 44 62 84 100 7 1.52 71 52 293 0.6 .12 
s2 
.012 36 16 1,158 0.4 .0013 
2 4 61 64 76 143 7 1.28 64 47 288 -0.3 .10 
s2 
.077 98 46 2,081 0.3 .0002 
2 4 78 66 77 165 7 1.30 73 54 345 -0.7 .10 
s2 
.060 109 49 1,376 1.0 .0004 
3 4 38 76 31 198 7 1.68 62 52 92 -1.6 .15 
s2 
.295 293 213 6,039 3.2 .0002 
3 4 44 69 32 292 7 1.66 56 51 46 -1.4 .11 
s2 
.263 196 84 577 6.4 .0001 
3 4 55 73 32 326 7 1.49 59 52 81 -4.3 .12 
S2 
.090 183 66 4,456 2.0 .0004 
3 2 60 72 30 407 7 1.10 47 48 68 -8.9 .12 $2 
.395 105 88 882 4.1 .0001 
Table 17 (Continued) 
: : Ave. : Ave. : : Ave. : 
Study: No. : basal : site : Ave.: no. :Stat-
No. : plots ; area : index : age : trees :istic 
47 66 62 90 Y 
s2 
54 63 62 102 T 
s2 
65 66 60 143 T 
s2 
77 67 62 155 
59 88 22 493 
23 79 22 236 
s2 
26 86 22 195 7 
s2 
41 84 22 356 T 
s2 
s2 
S2 
38 79 22 407 
53 82 22 526 Y 
$2 
Mean annual growth per acre and MS error 
Basal Total Merch. Bd.Ft. No. Ave. 
area volume volume volume trees dbh 
0.82 44 
.066 56 
0.91 48 
.129 104 
0.67 42 
.474 576 
1.42 -29 
.959 1,378 
3.18 93 
.033 41 
3.70 108 
.036 39 
3.52 113 
.050 0 
2.21 • 60 
.816 760 
3.70 100 
.004 57 
2.86 88 
.034 572 
32 215 
31 866 
35 247 
49 681 
30 233 
310 3,117 
-21 68 
678 18,592 
84 24 
15 87 
95 18 
46 404 
110 42 
0 2,549 
68 9 
278 128 
91 14 
58 155 
79 42 
606 3,528 
-0.4 
0.2 
.11 
.0099 
-0.4 
0.5 
.10 
.0003 
-1.2 
1.4 
.09 
.0001 
-4.5 
1.4 
.06 
.0002 
1—
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o
 o
 
. 27 
.0004 
1.1 
0.4 
.18 
.0002 
1 
00
 cn
 
o
 r
o
 
. 16 
.0003 
-3.3 
20.3 
.21 
.0011 
4.7 
19.4 
.16 
.0002 
-3.2 
54.0 
.13 
.0032 
Table 17 (Continued) 
: Ave. : Ave. : : Ave. : 
Ilo. : basal : site : Ave.: no. :Stat-
p'lots ; area : index ; age ; trees ristic 
Study 
No. 
21 72 22 246 
36 74 22 449 
38 76 22 524 
31 79 43 66 
30 71 41 86 
50 69 40 163 
s2 
$2 
s2 
50 75 45 154 T 
s2 
70 75 46 190 7 
s2 
$2 
S2 
71 75 45 212 Y 
40 64 42 100 Y 
Mean annual growth per acre and MS error 
Basal Total Merch. Bd.Ft. No. Ave. 
area volume volume volume trees dbh 
2.77 69 60 1 6.5 .16 
.038 21 122 4 21.8 .0012 
3.42 86 72 0 7.2 .13 
.126 41 1 0 18.7 .0001 
3.10 83 49 3 14.4 .09 
.374 359 90 20 46.1 .0000 
1.46 66 49 317 -0.3 .22 
.084 69 36 475 0.1 .0005 
2.01 86 64 310 -0.2 .15 
.017 28 17 118 0.1 .0001 
1.88 89 65 344 -0.5 .12 
.002 5 3 2,850 0.5 .0000 
1.87 71 52 262 -0.2 .25 
.211 116 71 4,016 0.2 .0006 
1.96 76 52 226 -0.3 .14 
.016 31 10 6,873 0.1 .0002 
2.12 97 71 344 -0.5 .13 
.007 3 2 19 0.1 .0000 
1.84 65 48 184 -0.4 .23 
.185 150 83 2,288 0.7 .0003 
Table 17 (Continued) 
: : Ave. : Ave. : : Ave. : 
Study: No. : basal : site : Ave.: no. :Stat-
No. ; plots : area ; index ; age ; trees :istic 
6 3 50 67 44 156 
s2 
6 2 70 65 40 294 T 
s2 
4 31 60 25 254 T 
s2 
4 40 63 25 272 T 
s2 
4 50 63 25 404 Y 
s2 
4 60 64 25 466 T 
s2 
4 74 58 25 812 Y 
s2 
8 5 82 64 90 78 Y 
8 5 94 63 90 84 
s^ 
Mean annual growth per acre and MS error 
Basal Total Merch. Bd.Ft. Nol Ave. 
area volume volume volume trees dbh 
2.14 83 60 228 -0.2 .16 
.092 28 15 9,740 0.1 .0001 
1.65 68 52 139 -4.2 .13 
.076 159 96 89 0.1 .0001 
2.91 79 60 42 6.8 .10 
.111 76 31 525 2.7 .0004 
2.80 82 64 53 5.5 .09 
.031 80 19 1,888 2.7 .0002 
2.37 71 60 37 2.1 .08 
.145 50 48 538 0.8 .0001 
2.67 81 71 30 1.1 .09 
.087 80 62 1,561 3.3 .0001 
1.87 54 61 18 -10.5 .08 
.120 29 179 296 21.4 .0002 
1.15 73 53 348 -0.2 .11 
.145 355 189 6,389 0.3 .0002 
1.22 80 58 386 -0.3 .12 
.022 57 30 796 0.0 .0000 
Table 17 (Continued) 
: Ave. : Ave. i Ave. : ; Mean annual growth per acre and MS error 
Study: 
No. : 
No. 
plots 
: basal 
: area 
: site 
: index 
: Ave. : 
: aqe : 
no. 
trees 
:Stat-: 
ristic: 
Basal 
area 
Total 
volume 
Merch. 
volume 
Bd.Ft. 
volume 
No. 
trees 
Ave. 
dbh 
8 5 101 62 90 108 Y 0.79 59 44 309 -0.8 .10 
s2 
.152 236 138 2,755 0.2 .0002 
8 5 112 64 90 122 7 0.54 54 40 316 -1.4 .11 
5% .200 371 201 6,127 0.2 .0003 
All 144 
plots (103 d.f.) 
Y 1.91 
s2 .151 
s .391 
68 
166 
12.9 
56 164 -0.58 .13 
95 2,273 5.3 .0005 
9.8 47.7 2.3 .0221 
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siderably. Obviously much of the unexplained sum of squares in the pre­
diction system is due to this difference in growth response between study 
locations. 
4.2.4. Additional source of error in the prediction equations 
Table 13 illustrates that the final yields were consistently under­
estimated for some studies and over-estimated for other studies. This is 
more evident when observed and predicted values are listed for each plot 
in the study rather than the sum of all plots as shown here, because then 
the under- or over-estimation is evident over a range of basal area densi­
ties. This suggests that in addition to plot age, site, basal area, 
number of trees, and average diameter there are other factors not in­
cluded in the prediction equations that have a significant effect upon 
stand growth. 
This unaccounted for variation in net growth because of study loca­
tion may be due to several factors. For example, the two Ohio studies (3 
and 4) consistently grew less in net growth than predicted, and this is at 
least partially due to above average mortality losses. The growth interval 
for these two studies included two severe drought years plus a severe 
killing frost and freeze in late May 1966. Hence, the local climatic 
conditions may cause great fluctuations in the mortality rate and also may 
adversely affect the growth rates of the surviving trees. Even if local 
climatic conditions do influence growth and mortality rates, there is no 
justification for excluding these study plots in the estimation of the 
equation parsmstcrs. Similar weather patterns may have occurred nreviously 
in the other study areas, or they may occur at some future date in their 
life history. It is quite likely that when data are acquired over a wide 
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geographical region the differences due to cyclic climatic conditions will 
often contribute substantially to the unexplained variation in the residual 
sum of squares. 
It may be possible to include weather factors in the growth predic­
tion equations that would reduce the unexplained variation after the fact. 
However, unless the occurrence of these factors could be predicted by long-
range weather forecasts, they serve little practical use in a growth 
prediction equation. 
Differences in species composition is another probably source of 
unexplained variation contributing to the residual sum of squares. Some 
of these studies consisted predominately of black oak, others were mainly 
white oak, and some were various mixtures of black and white oak and 
other species. There are obvious differences in the growth and mortality 
patterns between these species, however it was not possible in this study 
to separate out species effect. More elaborate study designs would be 
required to determine the relationships between and within species compo­
nents of the stand and to determine how these relationships changed because 
of the interactions between species composition and site, density, and age. 
The replication in this study of different species and mixtures in a given 
location was inadequate for this purpose. 
Other possible factors that may contribute to unexplained variation 
in sum of squares include stand structure, inadequate estimation of site 
quality or variation of site quality within the plot, error in estimating 
ctanH ano nr uariatinn nf trpp anp within a stand, snatial distribution 
of trees over the plot, variation in soil type or differences in the 
chemical and physical soil properties, and past history or treatment of the 
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particular stand. 
4.3 Tests on Independent Data 
All the available data from the population under investigation were 
used in model building and estimating the equation parameters. However, 
some growth data were available from plots where the stand treatment was 
slightly different but this difference in treatment should have only a 
minor effect on overall growth response. The principal difference in 
treatment consisted of removing all understory trees under 2.6 inches dbh 
in addition to the regular thinning treatment. One set of observations 
consisted of the response from study number 7 after the second thinning 
treatment. These independent observations were from plots located in 
the same geographical areas as before. The years of growth varied from 
5 to 7 years and included the period from the early 1960's to 1968. Lo­
cation and general stand information is given in Table 18. 
A comparison of actual and predicted basal area, and the total 
corrected sum of squares, and sum of squared residuals is given by study 
for the three prediction systems (Table 19). The actual basal area growth 
for all 55 plots was 828 square feet over the growth periods and this was 
under-estimated by 167, 358, and 317 square feet for the three prediction 
systems, respectively. The removal of understory trees on some plots may 
have contributed somewhat to this under-estimation of basal area growth, 
since actual growth should be slightly more when understory trees are 
Growth and yield of the other variables of interest are not given 
for the individual studies, but the totals over all plots are given in 
Table 18. Characteristics of 55 plots used as independent data to test growth and yield 
equations for upland oak 
Study 
No. Location 
Initial 
Date average 
No. Plot study stand 
plots size started age 
Number 
Range of re 
site measure-
index ments 
No. years 
growth 
used in 
computing 
average 
Principal 
species 
acres years 
1 Kentucky 9 0.5 1961 33 65-77 7 7 white oak 
9 Kentucky 8 0.25 1963 34 7 b 5 5 white oak 
10 Ohio 6 0.5 . 1963 49 68-75 5 5 mixed oak 
n Missouri 6 0.5 1962 22 76-80 1 5 black oak 
12 Missouri 6 0.5 1961 40 56-82 1 6 black oak 
7 lOWcl 20 0.2 1961 37 55-66 2 7 white oak 
Table 19. Comparison of actual and predicted basal area at the final measurement for three 
prediction systems for 55 independent observations 
Study: 
No. : Actual basal area : 
Squared 
devi ati ons 
Sum of residuals 
(Act.-Pred.) 
Sum of squared 
residuals 
j : Initial Final Growth: from mean Pred. 1 Pred. 2 Pred. 3 : Pred. 1 Pred. 2 Pred. 3 
1 277 441 164 4,639 24 80 76 115 774 707 
9 257 369 112 3,271 18 57 54 62 421 385 
10 414 445 31 378 -17 0 -2 64 12 12 
11 186 306 120 1,811 16 45 45 117 421 413 
12 298 368 70 1,501 3 27 24 19 152 136 
7 1,382 1,713 331 14,098 123 149 120 1,238 1,349 950 
All 
plots 2,814 3,642 828 25,698 167 358 317 1,615 3,129 2,603 
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Table 20. In general, the correlations between observed and predicted 
stand characteristics (Table 21) were not quite as high as those obtained 
for the original 154 plots. The correlation for most variables of inter­
est were again higher for prediction 1 than for the other methods. 
Actual mean annual growth and the predicted mean annual growth for 
six variables of interest are given in Table 22 for the three prediction 
systems. The root mean square residuals based on these annual growth 
estimates again indicates that prediction system 1 provides a slightly 
smaller error term. But when compared with the root mean square for pure 
error (Table 23) all the prediction models apparently have a significant 
lack of fit. Much of this unaccounted variation in sum of squares seems 
to again be due to variation in growth response between study locations. 
This suggests that local climatic conditions are an important factor that 
influences growth, and because of these differences in local weather con­
ditions great fluctuations occur in the growth and mortality patterns at 
least over short growth periods. 
The prediction of growth for an individual plot is subject to a large 
error with any of the methods. It may be possible that long-run growth 
predictions are more reliable than short periods especially since wet and 
dry climatic cycles tend to average out over a long time period. It is not 
known, however, whether the plots used in parameter estimation are repre­
sentative of average climatic conditions for the upland oak type. In 
general, long-run projections up to age 110 do not yield stand character­
istics which seem entirely unrealistic for any of the prediction systems 
in growth and yield estimates even after 10 year projections. In the next 
chapter predictions of growth and yield 10 years after an initial thinning 
Table 20. Actual and predicted stand characteristics for 55 independent observations for 
three prediction systems 
Statisti c 
Measure-: 
ment : 
period : 
Predi c-
tion 
system 
Basal 
area 
Total 
cubic-foot 
volume 
: Merch. 
: cubic-foot 
: volume 
Board-foot 
volume 
: No. 
: trees 
: Ave. 
: dbh 
Sum Initial Actual 2,814 74,229 45,702 34 ,692 15,726 328 
1 78,024 48,218 46 ,444 — — — — 
2 — — 80,798 49,793 47 ,473 — — 
3 80,060 49,288 46 ,503 -- — — 
Final Actual 3,642 102,006 68,746 78 ,800 15,470 382 
1 3,475 104,621 69,294 92 ,114 15,358 375 
2 3,284 102,102 66,381 81 ,380 15,398 361 
3 3,325 101,913 66,467 82 ,386 15,391 363 
â 
Sum squared Initial 26.579 19,992 14,191 57 ,045 1,026 
deviations 
from mean 
a 
Sum of 
Final 25.698 21,313 13,607 150 ,756 1,024 .130 
Initial 1 1,001 238 9 ,892 
squared 2 — —  1,575 450 11 ,073 — — — — 
residuals 3 -- 1,541 414 9 ,775 - - — — 
Final 1 1.615 923 562 22 ,724 38.45 .0038 
2 3.129 1,130 934 13 ,541 37.96 .0142 
3 2.603 1,501 1,068 13 ,503 37.66 .0127 
®Values expressed in thousands 
100 
Table 21. Correlation between observed and predicted stand characteristics 
based on 55 independent plot observations for three prediction 
systems 
R2 
Prediction 1 Prediction 2 Predict!oFT 
Basal Area .937 .878 .899 
Total Cu. Ft. Vol. 
Initial 
Final 
.950 
.957 
.921 
.947 
.923 
.930 • 
Merch. Cu. Ft. Vol 
Initial 
Final 
.983 
.959 
.968 
.931 
.971 
.922 
Board-foot volume 
Initial 
Final 
.827 
.849 
.806 
.910 
.829 
.910 
Number of trees .962 .891 .963 
Average stand 
diameter .970 .963 .902 
will be generated for prediction systems 1 and 3. These predictions cover 
a broad range of hypothetical stand conditions and these predictions re­
veal the similarities and differences between the two methods. 
Table 22. Mean annual growth and root mean square residuals based on average annual growth 
estimates for 55 independent observations for three prediction systems 
Prediction Basal Total Merch. Board-foot No. Ave. 
Statistic system area volume volume volume trees dbh 
Mean Actual 2.46 82 68 130 -0.47 .162 
1 2.00 80 63 137 -0.88 .140 
2 1.41 63 49 101 -0.75 .099 
3 1.52 65 50 106 -0.77 .104 
Root mean 1 .862 18 15 54 5.0 .044 
squared residuals 2 1.266 24 25 60 5.0 .086 
3 1.171 24 25 58 5.0 .082 
Table 23. Mean annual growth per acre and estimated mean square pure error for plots with 
similar initial stand conditions (plots not used in equation development) 
: Ave. Ave. : Ave. : ; Mean annual growth per acre and MS error 
Study: No. : basal : site : Ave.: no. :Stat-: Basal Total Merch. Bd.Ft. No. Ave 
No. : plots : area : index : age : trees :istic: area volume volume volume trees dbh 
1 3 15 70 33 123 Y 2.09 60 56 14 -0.19 .27 
s2 
.114 48 147 167 .11 .0001 
1 3 32 70 33 286 Y 3.04 92 86 21 -0.19 .20 
.124 181 66 310 .03 .0005 
1 3 45 71 33 403 T 2.77 88 82 48 -1.90 .14 
S2 
.013 112 106 2,833 1.17 .0006 
9 4 31 70 34 281 Y 3.02 88 85 15 -1.20 .14 
s^ .004 28 12 323 1.07 .0006 
9 4 33 70 34 282 Y 2.60 78 74 31 -0.20 .19 
s^ .118 98 28 643 4.48 .0009 
10 3 69 73 49 177 Y 0.86 55 41 283 -3.20 .14 
S2 
.027 49 29 7,556 2.56 .0018 
10 3 69 72 49 175 Y 1.20 66 48 364 -2.13 .13 
S2 
.166 78 43 677 1.49 .0001 
7 3 92 59 37 575 Y 2.15 77 72 110 -9.05 .11 
s^ .297 522 70 7,950 78.74 .0003 
7 3 83 65 37 400 Y 2.20 85 69 140 -4.76 .12 
5% .199 295 73 733 25.17 .0005 
Table 23 (Continued) 
Study: 
No. : 
No. 
plots 
; Ave. 
: basal 
: area 
: Ave. 
: site 
: index 
: Ave.: 
: aqe : 
Ave. 
no. 
trees 
:Stat-: 
:istic: 
Mean annual 
Basal Total 
area volume 
growth 
Merch. 
volume 
per acre 
Bd.Ft. 
volume 
and MS error 
No. Ave 
trees dbh 
7 3 72 62 37 327 T 2.35 84 63 158 -1.42 .11 
s2 
.062 37 23 6,911 1.53 .0005 
7 3 59 63 37 252 7 2.42 85 62 207 1.19 .11 
s2 
.051 40 18 8,886 4.25 .0003 
7 3 42 62 37 147 T 1.76 64 46 171 0.00 .14 
s2 
.099 37 35 10,118 0.51 .0013 
All 218 
plots (26 d.f.) 
T 2.23 77 66 125 -2.05 .16 
s2 .103 122 52 3,661 9.50 .0008 
s .320 11.0 7.2 60 3.1 .028 
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5. APPLICATION OF PREDICTION SYSTEMS 
5.1 General 
By incorporating the equations developed here into a computer program 
the forest manager is provided a means of obtaining the physical growth and 
yield information needed in choosing among various thinning alternatives. 
Growth and yield trends in relation to various independent stand or site 
variables become more apparent when predictions are tabulated over a wide 
range of these variables. Also the similarities and differences between 
the prediction systems become more apparent. When the range in initial 
stand conditions is quite broad over all independent variables the resulting 
predictions can be inspected to see if they are reasonable over the entire 
range of each variable or only a portion of the range. 
Although it is not feasible to tabulate the predictions for all possible 
stand conditions we have tried to cover the range in age, site, and basal 
area stocking that should include most conditions encountered in actual 
field situations. The range in variables is extended only slightly beyond 
that found in the original data used to develop the equations. For 
specific conditions not given, the computer program listed in Appendix D 
may be used to generate these predictions. 
5.2 Growth and Yield Predictions 
Growth and yield predictions over a 10-year period are developed here 
for prediction systerns 1 and 3 using t^e hasir Fortran IV computer program 
(Appendix D). Slight program modifications were necessary to adapt it to 
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the different sets of equations and to increase the number of stands to be 
projected from 20 to over 500. Tables 36 through 42 (Appendix B) give the 
growth and yield estimates using prediction system 1, while Tables 48 
through 54(Appendix C) give the estimates by prediction system 3. 
Growth and yield estimates are given by age, basal area, and site class, 
all in increments of 10 units, from age 20 to 110 years; from 20 to 130 
square feet of basal area; and from site index 55 to 85. In addition to 
initial age, site, and basal area the only other input variable required 
was number of trees ^ 2.6 inches dbh. 
It is not feasible to give volume estimates here for all combinations 
of age, site, and basal area over a range in number of trees or average 
stand diameter. Therefore, a regression equation was used to determine 
average stand diameter as a function of site and age. Then this average 
stand diameter was adjusted for each site and age class to reflect changes 
in average stand diameter due to intensity of cutting. These adjusted 
average stand diameters given in Table 43 (Appendix B) by age, site, and 
basal area are typical for previously unthinned stands after the initial 
thinning. From the basal area and average stand diameter the number of 
trees per acre was computed for each combination of age, site, and basal 
area, and used as an input variable in the prediction program. When 
average stand diameter is different than that assumed here, basal area and 
total cubic-foot volume estimates will remain unchanged, however the cord-
wood and board-foot volume estimates will vary. 
The average stand diameter assumed in Table 43 (Appendix B} wac used 
to compute the initial number of trees for both projection systems. The 
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annual ingrowth and mortality rates computed for each initial condition are 
given in Tables 44 and 46 (Appendix B). Applying these rates to the number 
of trees for each initial stand condition the predicted number of ingrowth 
or mortality trees for the first year of projection is given in Tables 45 
and 47 (Appendix B). 
The estimates of total cubic-foot volume using equation 11 (prediction 
system 1) are given for each combination of age, site, and basal area 
in Table 37 (Appendix B). Similar estimates are predicted using equation 
48 (prediction system 3) and tabulated in Table 49 (Appendix C). The 
differences between these total cubic-foot volume estimates are generally 
less than 100 cubic feet except at the extremes of the age variable. Volume 
estimates using prediction 1 are greater than prediction 3 at the upper 
age classes but less for the lower age classes. Site and basal area density 
also affect this difference between the two volume estimates. The same 
general relationships also exist for the estimates of cordwood volume and 
board-foot volume since these depend only on total cubic-foot volume and 
average stand diameter. 
There are very important differences in growth estimates between the 
two prediction systems. It is not the numerical difference that is impor­
tant but the fact that the trend of growth tn relation to stand variables 
is quite different. These growth trend are undoubtedly more important 
than the numerical estimates when the manager is faced with a decision 
between alternative silvicultural treatments. We know the numerical growth 
estimates are associated with large errors, so consequently the manager 
may focus more attention on the overall growth trends rather than specific 
numerical estimates. 
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The more notable difference between these predictions is that maximum 
growth for most variables occurs at or near maximum stocking with prediction 
system 3, while it occurs at a much lower stocking with system 1. Maximum 
growth in terms of basal area, total cubic-foot volume, and cordwood 
volume occurs at the highest basal area stocking with system 3 at least up 
to age 70, and after this it is at or near maximum stocking. Maximum 
board-foot growth up to about age 50 occurs at a density much less than 
maximum but after age 50 the greatest growth is at or near maximum stocking 
for system 3. With system 1 maximum growth of all variables occurs at a 
stocking considerably less than maximum. 
It is the relationship between growth and stocking with which the 
manager is most concerned. This is so because stocking is the one variable 
influencing growth over which he has some degree of control. Of course, he 
must also consider the influence of age and site quality because a typical 
forest property represents many different age and site classes. The 
ranking of these stands by priority of treatment will depend at least 
partially on present stand age and site quality. 
Obviously the differences in growth illustrated here between the two 
systems could lead to quite different decisions with respect to stand 
treatment. The statistical analyses of growth were somewhat inconclusive 
as to which system provided the smallest error in predicted growth, but the 
bulk of evidence seemed to favor system 1. 
Plots within each study given here are largely free from variation due 
to differences in age, site, species composition, onci locâtlûri or climatic 
influence. Consequently when growth in terms of basal area or volume is 
plotted over basal area or stocking the growth trends obtained seem more 
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compatible with system 1. For most of the studies there appeared to be a 
definite decrease in net growth when stocking approached the upper limits, 
and likewise there was a decrease in net growth for sparsely stocked 
plots. The decrease in net growth with high density did not appear due 
to any decrease in the area's productive capacity but merely to a higher 
rate of mortality. Mortality plus net growth is gross growth or the 
productive capacity of the site, and this quantity appears to remain 
nearly constant from about 50 percent to maximum stocking. The productive 
capacity will vary, of course, with age, site quality, species, and local 
weather conditions. 
The adjustments made in the computer program on the ingrowth and 
mortality rates cause some irregularities with prediction system 1 in 
cordwood growth for young stands with high stocking. Only cordwood and 
board-foot growth for stands under age 50 is affected by these adjustments 
and the greatest changes are for age class 20 on the lowest sites. Growth 
estimates have previously been published (Dale 1972) using unadjusted 
ingrowth and mortality rates. This publication also included a more 
complete discussion on the use of prediction system 1 and the siIvicultural 
implications of these growth and yield estimates so they will not be 
repeated here. 
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6. SUMMARY AND CONCLUSIONS 
The objective of this investigation was to develop relationships for 
quantifying the physical growth and yield response that occurs after 
initial thinning treatments over a broad range in age, site, and stand 
conditions for the upland oak type. Regression equations were developed 
that give growth and yield response in terms of several stand components 
such as basal area, total cubic-foot volume, merchantable cubic-foot 
volume, and board-foot volume. 
Parameters in these equations were estimated using empirical data 
from 154 permanent growth plots representing eight series of studies and 
these were distributed over a wide geographical area within the upland 
oak type. All the growth plots were established in even-aged stands that 
were initially fully-stocked and showed no evidence of recent disturbance 
by fire, cutting, or grazing. Plots in each study series received various 
intensities of cutting, so after the Initial treatment these growth plots 
represented a broad range in site, age, and stocking conditions. Although 
many different species were represented on these plots, whfte oak and 
black oak were by far the major species components. 
Growth and yield data, obtained by monitoring these stands over a 
5- to 12 year period, were computed and summarized to serve as the empiri­
cal data source for estimating regression equation parameters. Four 
different sets of regression equations were developed that may be used 
to predict growth and yield in terms of basal area and total cubic-foot 
volume. These four different prediction systems were developed using 
different model forms or different statistical methods to estimate 
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equation parameters. The first method employed the techniques and model 
forms developed by Clutter (1963) and these equations provide an algebrai­
cally consistent set of growth and yield functions but the cubic-foot 
yield and projected cubic-foot yield equations are not numerically 
consistent. The second set of equations referred to as prediction system 
1 used a recursive method for projecting yield. Projected yields were 
obtained using the same cubic-foot yield model as in the first method 
but the estimated basal area term in this volume yield equation was deter­
mined by using a different basal area growth model. Projected yields 
using this recursive method are presented for a wide range of initial 
stand age, site, and density conditions. The third and fourth sets of 
prediction equations employed the model forms and parameter estimation 
methods of Sullivan and Clutter (1972), and both sets of equations have 
numerically consistent properties. In the third set of equations ordinary 
least squares regression procedures were used to fit the initial and 
final measurements to these model forms. Error correlations in the data 
matrix were ignored in this third set of equations referred to here as 
prediction system 2. In the fourth set (prediction system 3) more appro­
priate assumptions were made on the error correlations in the data and 
maximum likelihood techniques were used to estimate parameters in these 
models. 
Using all 154 plot observations comparisons were made for the latter 
three sets of prediction equations between the actual and predicted yield 
in total cubic-foot volume for the initial and the final measurement 
periods. Similar comparisons were made for basal area at the final meas­
urement. Differences between actual and predicted volume at both the 
in 
initial and final measurements were quite small for all three prediction 
systems. Predicted volume was within two percent of actual volume at 
the initial measurement for all three systems, and within 4 percent of 
actual volume at the final measurement. The sum of squared residuals 
was slightly smaller for both the initial and final volume estimates 
with prediction system 1. However, all three prediction methods are 
probably satisfactory for total cubic-foot volume since all the equations 
accounted for more than 97 percent of the variation about the mean initial 
volume and better than 92 percent of the variation about the mean of the 
final volume. 
It appears quite evident that estimated yields in terms of basal 
area are closer to the actual yields using the basal area growth rate 
equation in prediction system 1. This system overestimated basal area 
growth by 1.6 percent while prediction systems 2 and 3 underestimated 
growth by 27 and 21 percent, respectively. Furthermore, other statistics 
such as the root mean square residuals and the correlation between actual 
and predicted basal area favor prediction system 1 for basal area yield. 
Although cubic-foot volume yields appear to be predicted with a 
high degree of precision, the prediction of growth itself is extremely 
difficult without a large error term attached. Actual periodic growth 
is the difference between the final and initial measurements, while 
predicted periodic growth is the difference between the final and the 
initial volume predictions. It is not evident which prediction system 
provides the most precise estimate of rijbir-fnnt volume growth. Root 
mean square residuals for periodic cubic-foot volume growth was 206 cubic 
feet for prediction system 1 and 217 cubic feet for the other two systems. 
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Expressed on an annual basis the root mean square residuals was 29 cubic 
feet for all systems. Mean actual growth was 486 cubic feet on a periodic 
basis and 67 cubic feet on an annual basis so the errors in predicted 
volume growth are quite large for all three systems. 
Much of the error in predicting growth was ascribed to differences 
in species composition and variation in climatic conditions between study 
locations since the original plot observations represented widely 
scattered geographical areas. When the difference between observed and 
predicted values are tabulated for each study location as shown in 
Tables 11, 12, and 13, the differences between locations are quite 
apparent. Lack of adequate replication for species composition and age 
class at each of the study locations was a basic weakness in these data 
and prevented separating out the effects of species composition and loca­
tion effects due to local climatîc influences. 
Ordinary least squares linear regression techniques were used to 
describe the relationship between stand and site factors and other stand 
variables of interest. Equations were developed to describe growth and 
yield in terms of merchantable cubtc-foot volume, cordwood, board-foot 
volume, and stocking percent. Addîttonal equations were developed to 
determine the rate of ingrowth and mortality with respect to number of 
trees. 
The sum of residuals and sum of squared residuals were computed for 
all these predicted stand components using the original 154 plot observa­
tions. ThcSS statistics v/srs computed also for an additional 55 independ­
ent plot observations. Although the sum of squared residuals were 
generally slightly larger using this independent data the same general 
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relationship was apparent between the prediction systems. 
Pure error estimates are calculated that give an indication of the 
natural variation in growth and yield between stands that are similar 
in characteristics and are growing under similar environmental conditions. 
Comparison of the pure error estimates with the sum of squared residuals 
obtained for the different prediction systems affords some measure for 
judging the success of the different prediction systems. The prediction 
models do not account for all the factors that contribute to growth and 
yield and two of the most obvious of these are species composition and 
variation in local climatic factors. 
Finally, the different equations were used in conjunction with each 
other to develop a computer program, written in Fortran IV language, 
that simulates the development of upland oak stands after an initial 
thinning. This program was developed for the forest practitioner so he 
could easily obtain projected stand characteristics over a wide range of 
initial stand conditions. It is simple and easy to use, and requires 
only input data which is normally available to him or else easily obtain­
able at a low cost. The input data required is the average site index, 
and the initial stand age, number of trees ^ 2.6 inches dbh,and basal area 
per acre. Annual or periodic predictions of growth and yield are given 
in terms of basal area, total cubic-foot volume, cordwood, board-foot 
volume, stocking percent, number of trees ^ 2.6 inches dbh, and average 
stand diameter. 
Per tv;c of the mere promising prediction systems (1 and 3). growth 
and yield projections are made using the computer program for a 10-year 
period following an initial thinning for a wide range of site, age, and 
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basal area stocking conditions. A comparison of the trends in these two 
different prediction systems provides the manager with part of the 
information needed for choosing between alternative thinning practices. 
Although the growth predictions for a specific stand may be in consider­
able error the overall growth trends expressed in Appendix B should aid 
timber managers in assigning different stands a priority for treatment. 
The stand approach used here to present the first approximations of 
growth and yield for thinned upland oak stands should fulfill an immedi­
ate need. However, the manager will ultimately need more detailed 
information, especially with respect to growth and yield by species and 
diameter classes. A logical continuation of the work presented here 
would concentrate on developing growth and yield predictions for individu 
al trees so that the estimates can be made by species and size class 
components of a stand. 
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9. APPENDIX A 
Table 24. Estimate of parameters in the total tree height model for five oak species and 
combination of oak species (equation 1) 
Species h h 
CM 
<
<
n
 
K h n R2 
Mean 
square 
residual 
White oak -1.51136 .85336 .49130 -.10445 .23269 .06882 977 .946 .0068 
Chestnut oak -.71266 .81648 .03253 -.07058 .03232 .18282 122 .978 .0121 
Black oak -.78139 .76312 .15991 -.10957 .11316 .16834 1280 .966 .0079 
Scarlet oak -.65099 .67547 .48203 -.05861 .19046 .05025 111 .979 .0085 
No. red oak 1.75968 .20606 .09823 -.13689 .02220 .22176 216 .966 .0132 
Combined white 
and chestnut oak -1.23211 .81180 .37924 -.07091 .23336 .06593 1099 .958 .0080 
Combined black, 
scarlet, and 
red oak -.35442 .67532 .20869 -.10751 .08607 .16041 1607 .971 .0090 
GModel form is: Y = 6q + + B3X3 + 3^X^ + 65X5 
where, 
Y = logarithm to the base "e" of total height 
Xi = LnCS) 
X2 = Ln(D) and 
X3 = (LnD) S = site index 
Xi* = Ln(A) D = tree diameter in inches 
X5 = Ln(D)Ln(A) A = tree age in years 
Dbh 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
Table 25. Predicted total height of black oak group by age and diameter on site index 60 
Total age — years 
10 20 30 40 50 60 70 80 90 
13.58 14.42 14.93 15.30 
19.26 22.08 23.91 25.31 26.45 
22.51 27.00 30.03 32.38 34.34 36.02 
24.62 30.49 34.55 37.75 40.44 42.78 44.87 
26.07 33.09 38.05 42.01 45.36 48.30 50.93 53.33 
35.10 40.84 45.47 49.42 52.91 56.04 58.91 61.56 
36.69 43.12 48.35 52.85 56.83 60.42 63.72 66.78 
45.01 50.79 55.77 60.21 64.23 67.93 71.37 
46.60 52.87 58.30 63.15 67.57 71.64 75.44 
54.66 60.51 65.74 70.53 74.95 79.08 
56.22 62.44 68.04 73.16 77.91 82.35 
64.16 70.09 75.52 . 80.57 85.31 
65.68 71.92 77.65 82.98 87.99 
67.04 73.57 79.58 85.18 90.45 
75.06 81.33 87.18 92.69 
76.41 82.92 89.01 94.76 
84.38 90.70 96.66 
85.72 92.25 98.42 
93.67 100.04 
95.00 101.55 
Table 26. Comparison of predicted basal area and total cubic-foot volume using four 
different equations starting with an initial age 20, 50 square feet of 
basal area, and site index 70 
Basal area prediction : Total cubic-foot volume prediction 
Stand Equation Equation : Equation Equation 
age 26 21 36 49 : 11 23 37 48_ 
Square feet Cubic volume 
20 50 50 50 50 899 899 971 1,041 
40 91 102 91 94 2,778 1,978 2,797 2,935 
60 107 130 111 116 3,878 2,708 3,979 4,146 
80 116 146 122 128 4,578 3,248 4,747 4,928 
TOO 122 157 130 137 5,080 3,677 5,277 5,466 
120 127 164 135 142 5,470 4,034 5,662 5,858 
Table 
Age 
years 
10 
20 
30 
40 
50 
60 
70 
80 
90 
100 
110 
Stand density necessary for maximum net annual increment in basal area per acre 
Site Index 
50 55 60 65 70 75 80 85 90 
31.66 32.69 33.75 34.85 35.98 37.15 38.36 39.61 40.89 
34.81 35.76 36.73 37.73 38.76 39.82 40.91 42.02 43.17 
37.02 37.93 38.87 39.83 40.81 41.81 42.84 43.89 44.97 
38.78 39.67 40.58 41.51 42.46 43.43 44.42 45.44 46.48 
40.26 41.13 42.02 42.93 43.86 44.81 45.78 46.77 47. 78 
41.55 42.41 43.28 44.18 45.09 46.02 46.97 47.94 48.94 
42.70 43.55 44.41 45.29 46.20 47.11 48.05 49.00 49.98 
43.74 44.58 45.44 46.31 47.20 48.11 49.03 49.97 50.93 
44.69 45.53 46.38 47.24 48.12 49.02 49.93 50.86 51.81 
45.48 46.40 47.25 48.10 48.98 49.87 50.77 51.70 52.63 
46.40 47.22 48.06 48.91 49.78 50.66 51.56 52.47 53.40 
Table 28. Maximum net annual basal area increment per acre in trees 2.6 inches d.b.h. or 
larger by age and site class 
Age Site Index 
years 50 55 60 65 70 75 80 85 90 
10 5.02 5.18 5.35 5.52 5.70 5.89 6.08 6.28 6.48 
20 3.17 3.25 3.34 3.43 3.53 3.63 3.72 3.83 3.93 
30 2.44 2.50 2.56 2.62 2.69 2.75 2.82 2.89 2.96 
40 2.03 2.07 2.12 2.17 2.22 2.27 2.32 2.38 2.43 
50 1.76 1.80 1.84 1.88 L92 1.96 2^00 2.05 2.09 
60 1.57 1.60 1.64 1.67 1.70 1.74 1.78 1.81 1.85 
70 1.43 1.46 1.48 1.51 1.54 1.57 1.61 1.64 1.67 
80 1.31 1.34 1.36 1.39 1.42 1.44 1.47 1.50 1.53 
90 1.22 1.24 1.27 1.29 1.32 1.34 1.36 1.39 1.42 
100 1.14 1.17 1.19 1.21 1.23 1.25 1.28 1.30 1.32 
110 1.08 1.10 1.12 1.14 1.16 1.18 1.20 1.22 1.24 
Table 29, Current annual basal-area increment per acre for given age and basal area 
[In square feet] 
Basal Average stand aqe — years 
area 20 3D 40 50 M 70 SÔ 90 TTÎT 
SITE INDEX 55 
20 2.88 2.16 1.76 1.51 1.32 1.19 1.08 1.00 0.93 0.87 
30 3.21 2.44 2.01 1.73 1.53 1.38 1.26 1.16 1.08 1.02 
40 3.23 2.49 2.07 1.80 1.60 1.45 1.33 1.23 1.15 1.09 
50 3.03 2.38 2.01 1.76 1.58 1.44 1.33 1.24 1.16 1.10 
60 2.63 2.14 1.84 1.63 1.48 1.36 1.27 1.19 1.12 1.06 
70 2.09 1.78 1.58 1.43 1.32 1.23 1.15 1.09 1.04 .99 
80 — mm 1.34 1.25 1.17 1.10 1.05 1.00 .95 .92 .88 
90 — — — .85 .85 .84 .82 .80 .78 .76 .74 
100 — — M — — — .54 .56 .58 .58 .58 .58 
110 — — — — — — — .32 .35 .38 .40 
120 - - — -- -- — - - -- — .19 
SITE INDEX 65 
20 2.98 2.22 1.81 1.54 1.36 1.21 1.10 1.02 0.94 0.88 
30 3.36 2.53 2.08 1.78 1.57 1.42 1.29 1.19 1.11 1.04 
40 3.43 2.62 2.17 1.87 1.66 1.50 1.38 1.27 1.19 1.12 
50 3.27 2.54 2.13 1.85 1.66 1.51 1.39 1.29 1.21 1.14 
60 2.93 2.33 1.98 1.75 1.57 1.44 1.34 1.25 1.17 1.11 
70 2.43 2.01 1.75 1.56 1.43 1.32 1.23 1.16 1.10 1.05 
80 — 1.59 1.44 1.32 1.23 1.15 1.09 1.03 .99 .95 
90 — — 1.06 1.02 .98 .94 .91 .87 .84 .82 
100 — — — — — — .68 .69 .70 .69 .68 .67 .66 
110 — — — — " —» — —  — — .41 .45 .47 .48 .49 
120 — — — — — — — — » " » — .22 .26 .29 
130 — — — • -- — — -- — M — — — — .07 
Table 29 (Continued) 
Basal Average stand age -- years 
area 20 30 M 50 6T "tU 80 §0 TÔÔ TTÏÏ 
SITE INDEX 75 
20 3.07 2.29 1.86 1.58 1.39 1.24 1.13 1.04 0.96 0.90 
30 3.50 2.63 2.15 1.84 1.62 1.45 1.33 1.22 1.14 1.06 
40 3.62 2.75 2.26 1.95 1.72 1.56 1.42 1.32 1.23 1.15 
50 3.52 2.70 2.25 1.95 1.73 1.57 1.44 1.34 1.25 1.18 
60 3.22 2.52 2.12 1.86 1.67 1.52 1.40 1.31 1.23 1.16 
70 2.78 2.23 1.91 1.70 1.54 1.41 1.31 1.23 1.16 1.10 
80 2.20 1.85 1.63 1.47 1.35 1.26 1.18 1.12 1.06 1.01 
90 — •» 1.38 1.28 1.19 1.12 1.06 1.01 .97 .93 .89 
100 -- • — .87 .86 .85 .83 .81 .78 .76 .74 
110 - - — -- .53 .56 .57 .58 .58 .58 
120 — " — — -- —— — " -- .31 .34 .37 .38 
130 — — -- — -- .14 .17 
SITE INDEX 85 
20 3.17 2.35 1.90 1.62 1.42 1.27 1.15 1.06 0.98 0.91 
30 3.65 2.73 2.22 1.89 1.67 1.49 1.36 1.25 1.16 1.09 
40 3.82 2.88 2.36 2.02 1.79 1.61 1.47 1.36 1.26 1.18 
50 3.76 2.86 2.36 2.04 1.81 1.64 1.50 1.39 1.30 1.22 
60 3.52 2.71 2.26 1.97 1.76 1.60 1.47 1.37 1.28 1.21 
70 3.12 2.46 2.08 1.83 1.64 1.50 1.39 1.30 1.23 1.16 
80 2.59 2.10 1.82 1.62 1.48 1.36 1.27 1.20 1.13 1.08 
90 •— — 1.67 1.49 1.36 1.26 1.18 1.11 1.06 1.01 .96 
100 — — — — 1.10 1.05 1.00 .96 .92 .89 .85 .83 
110 — — — — .70 .71 .70 .70 .69 .68 .67 
120 — — -- — — — — .42 .45 .46 .48 .48 
130 — — — — — — — — — — — — — — .22 .25 .28 
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Table 30. Ratios of merchantable cubic-foot volume 
and board-foot volume to total cubic-foot 
volume, by d.b.h. class 
D.b.h. 
class Merchantable cubic-foot/ Board-foot/total 
Cinches) total cubic-foot ratio cubic-foot ratio 
3 0.0896 0.0 
4 .3125 .0 
5 .5181 .014 
6 .6430 .228 
7 .7016 .645 
8 .7245 1.250 
9 .7322 1.936 
10 .7343 2.563 
11 .7348 3.035 
12 .7349 3.329 
13 .7349 3.479 
14 .7349 3,536 
15 .7349 3.549 
16 .7349 3.550 
17 .7350 3.550 
Table 31. Comparison of actual and predicted merchantable cubic-foot volume at the initial 
measurement period for three prediction systems 
: Actual merch. : • • 
Study: 
No. : 
cubic-foot : 
volume : 
Squared'' 
deviations 
: Sum of residuals : 
: (Act.-Pred.) : 
Sum of squared^ 
residuals 
j : Total Mean : from mean : Pred. 1 Pred. 2 Pred. 3 : Pred. 1 Pred. 2 Pred. 3 
1 3,465 578 1,817 -201 -320 -359 16 27 31 
2 2:1,205 1,325 5,329 -565 -1,023 319 47 94 36 
3 12,330 771 2,272 -206 -650 -628 9 32 33 
4 2:3,879 1,492 4,408 -1,125 -1,622 -630 137 210 97 
5 9,311 310 19,911 344 -71 -316 42 36 38 
6 31,400 1,047 5,444 -2,340 -3,101 -2,048 301 399 252 
7 10,168 508 7,617 713 77 -287 63 34 39 
8 58,254 2,913 67,549 3,884 4,068 5,745 789 875 1,706 
All 
plots 170,012 1 ,104 114,347 504 -2,642 1 ,796 1 ,404 1 ,707 2,232 
^Vali/es expressed in thousands 
Table 32. Comparison of actual and predicted merchantable cubic-foot volume at the final 
measurement period for three prediction systems 
: Actual merch. i : : ' 
Study: 
No. : 
cubic-foot : 
volume 
Squared® 
deviations 
: Sum of residuals : 
(Act.-Pred.) 
Sum of squared® 
residuals 
3 : Total Mean : from mean : Pred. 1 Pred. 2 Pred. 3 : Pred. 1 Pred. 2 Pred. 3 
1 6,489 1,082 1,220 -343 -113 -278 45 22 29 
2 26,472 1,655 5,654 338 1,720 2,988 71 258 647 
3 18,216 1,139 2,770 -3,460 -2,057 -2,074 807 366 405 
4 2:5,884 1,618 1,206 -3,447 -2,626 -1,756 1,192 945 784 
5 2:1,277 709 21,192 168 2,833 2,660 74 345 327 
6 /1,422 1,381 6,597 -3,223 -936 151 469 255 327 
7 2:5,364 1,268 1,797 1,180 1,700 -22 586 436 310 
8 fi7,044 3,352 69,725 8,111 9,241 10,516 3,564 4,565 5,850 
All 
plots 2:12,168 1 ,507 110,161 -676 9,762 12,185 6,808 7,192 8,679 
®Values expressed in thousands 
Table 3ci. Comparison of actual and predicted board-foot volume at the initial measurement 
period for three prediction systems 
Study 
No. 
Actual 
board-foot 
volume 
Squared 
deviations 
: Sum of residuals : 
: (Act.-Pred.) : 
Sum of squared® 
residuals 
J Total Mean from mean : Pred. 1 Pred. 2 Pred. 3 : Pred. 1 Pred. 2 Pred. 3 
1 762 127 49,454 762 762 762 180 180 180 
2 68,567 4,285 77,800 7,536 6,233 10,060 6,016 5,207 8,958 
3 2,085 130 131,633 -338 -458 -437 101 110 107 
4 615,951 4,122 40,093 -8,479 -10,050 -6,930 6,775 8,959 5,794 
5 151 5 268,299 92 89 87 6 6 6 
6 37,378 1,246 122,145 -14,484 -15,736 -13,734 15,882 17,628 15,313 
7 515 26 176,455 83 49 38 77 81 81 
8 2EI5,902 14,295 2,594,383 26,510 27,391 35,399 39,437 41,856 67,563 
All 
plots 461,311 2,996 3,460,262 11,682 8,280 25,245 68,474 74,027 98,002 
®Values expressed in thousands 
Table 34. Comparison of actual and predicted board-foot volume at the final measurement 
period for three prediction systems 
Actual 
Study 
No. 
board-foot 
volume 
Squared® 
deviations 
: Sum of residuals 
: (Act.-Pred.) 
Sum of squared® 
residuals 
J Total Mean from mean : Pred, 1 Pred. 2 Pred. 3 Pred. 1 Pred, 2 Pred 3 
1 2,442 407 85,123 2,223 2,295 2,280 1,212 1,282 1,264 
2 100,179 6,261 143,471 11,597 23,796 26,897 13,636 40,584 50,258 
3 10,058 629 203,496 -4,570 -667 -830 2,703 601 617 
4 85,734 5,358 36,359 -18,703 -10,705 -8,529 27,158 13,809 12,071 
5 2,222 74 502,088 -909 666 736 366 161 165 
6 84,261 2,809 113,823 -22,868 -5,194 -3,264 30,890 11,707 n ,660 
7 9,176 459 277,325 -1,712 1,311 -242 2,173 1,282 1,322 
8 347,077 17,354 3,521,430 63,404 68,979 74,994 215,076 253,125 297,567 
All 
plots 641,149 4,163 4,883,115 28,462 80,481 92,042 293,213 322,549 374,924 
^Values expressed in thousands 
Table 35. Comparison of actual and predicted number of trees per acre at the final measurement 
; Number of trees : : : 
Study; Initial : Final : Change : Squared® : Sum of : Sum of® 
No. : Mean/ : Mean/ : Mean/ : deviations : residuals : squared 
j : Total acre : Total acre : Total acre : from mean : : residuals 
1 4,036 673 3,480 580 -556 -93 657 -167 8.7 
2 1 ,804 113 1,848 116 44 3 336 37 .7 
3 5,146 322 4,568 286 -578 -36 116 -253 12.3 
4 2,122 133 1 ,930 121 -192 -12 307 -115 2.7 
5 11,594 386 11,784 393 190 7 1,340 24 24.6 
6 4,840 161 4,632 154 -208 -7 476 11 3.4 
7 8,835 442 9,075 454 240 12 1,218 14 159.4 
8 1,963 98 1,845 92 -118 -6 529 -6 .2 
nm 
plots 40,340 262 39,162 254 4,979 -455 212.0 
®Values expressed in thousands 
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10. APPENDIX B 
ESTIMATES OF GROWTH AND YIELD 10 YEARS AFTER THINNING USING 
PREDICTION SYSTEM 1 
Table 36. Net basal-area growth in 10 years, by initial age and basal area 
[In square feet per acre] 
Initial 
basal Initial stand age -- years 
area 20 30 40 50 60 70 80 90 100 110 
SITE INDEX 55 
20 27.76 21.82 18.16 15.67 13.85 12.46 11.35 10.46 9.71 9.08 
30 27.84 22.61 19.23 16.85 15.08 13.70 12.59 11.68 10.91 10.26 
40 26.12 21.81 18.91 16.81 15.21 13.94 12.91 12.05 11.32 10.69 
50 23.27 19.99 17.67 15.93 14.58 13.48 12.58 11.82 11.16 10.59 
60 19.62 17.42 15.75 14.44 13.38 12.50 11.76 11.13 10.58 10.10 
70 15.37 14.29 13.31 12.46 11.74 11.11 10.57 10.09 9.66 9.28 
80 — — 10.70 10.44 10.09 9.73 9.38 9.05 8.74 8.46 8.20 
90 — —' " — 7.21 7.39 7.41 7.35 7.26 7.14 7.02 6.89 
100 — — — — — — —  —  4.83 5.08 5.24 5.32 5.36 5.37 
110 —  —  —» —• —  —  — — — — — — 3.01 3.31 3.53 3.69 
120 - - -- -- - - -  - — — -  - 1.85 
SITE INDEX 65 
20 29.06 22.68 18.79 16.16 14.25 12.79 11.64 10.71 9.93 9.28 
30 29.43 23.70 20.05 17.50 15.62 14.16 12.99 12.03 11.22 10.54 
40 27.96 23.11 19.90 17.60 15.87 14.50 13.40 12.48 11.71 11.04 
50 25.33 21.46 18.81 16.86 15.35 14.15 13.16 12.34 11.63 11.02 
60 21.87 19.07 17.04 15.49 14.27 13.27 12.44 11.73 11.12 10.59 
70 17.79 16.08 14.73 13.63 12.73 11.97 11.32 10.76 10.27 9.84 
80 — 12.64 11.99 11.37 10.82 10.33 9.89 9.49 9.14 8.82 
90 —  —  — — 8.88 8.78 8.60 8.39 8.18 7.97 7.76 7.57 
100 —  —  a> M " — 5.90 6.11 6.21 6.24 6.22 6.18 6.12 
110 — — — M a — — M 3.81 4.09 4.28 4.41 4.50 
120 — —  —  —  —  —  — — — — — — » — 2.16 2.47 2.71 
130 — — —  —  — — — — — — » — — — —  —  .79 
Table 36 (Continued) 
Initial 
basal Initial stand age -- years 
area 20 30 40 50 60 70 80 90 100 110 
SITE INDEX 75 
20 30.38 23.55 19.43 16.65 14.65 13.13 11.93 10.96 10.16 9.48 
30 31.06 24.81 20.88 18.16 16.16 14.62 13.38 12.38 11.53 10.82 
40 29.85 24.42 20.90 18.41 16.54 15.08 13.90 12.92 12.10 11.40 
50 27.43 22.97 19.97 17.80 16.14 14.83 13.75 12.86 12.10 11.44 
60 24.18 20.74 18.34 16.56 15.17 14.04 13.12 12.34 11.67 11.09 
70 20.28 17.92 16.17 14.82 13.73 12.84 12.09 11.45 10.89 10.40 
80 15.89 14.62 13.56 12.67 11.93 11.29 10.74 10.25 9.83 9.45 
90 — — 10.93 10.58 10.19 9.80 9.44 9.11 8.80 8.52 8.26 
100 — — — — 7.30 7.42 7.41 7.35 7.24 7.13 7.00 6.87 
110 — — — —1 — — — —• 4.79 5.03 5.17 5.25 5.29 5.31 
120 — — — — — — _ mm — 2.91 3.21 3.42 3.59 
130 — — — — — — — — — — — — — — — — 1.40 1.72 
SITE INDEX 85 
20 31.74 24.44 20.07 17.15 15.06 13.47 12.22 11.22 10.38 9.68 
30 32.74 25.94 21.72 18.83 16.71 15.08 13.78 12.73 11.85 11.10 
40 31.78 25.77 21.92 19.22 17.21 15.65 14.40 13.36 12.49 11.75 
50 29.60 24.50 21.15 18.75 16.94 15.51 14.35 13.39 12.57 11.87 
60 26.55 22.45 19.67 17.64 16.07 14.83 13.80 12.95 12.22 11.58 
70 22.84 19.79 17.63 16.02 14.75 13.72 12.86 12.14 11.51 10.97 
80 18.62 16.64 15.16 13.99 13.04 12.26 11.59 11.02 10.52 10.08 
90 — — 13.10 12.31 11.62 11.02 10.50 10.05 9.64 9.28 8.95 
100 — — — — 9.14 8.95 8.73 8.49 8.26 8.04 7.83 7.63 
110 — — — — — — 6.03 6.19 6.26 6.27 6.24 6.19 6.13 
120 — — — — — — — — — — 3.83 4.08 4.26 4.38 4.46 
130 — — — — — — — — — — 2.12 2.42 2.66 
Table 37. Total cubic-foot volume of all trees over 2.5 inches dbh, by age and basal area 
[In cubic feet] 
Basal Average stand age — years 
area 20 30 40 50 60 70 80 90 100 no 
SITE INDEX 55 
20 302 422 499 552 590 619 642 660 675 687 
30 460 643 760 841 899 943 978 1,005 1,028 1,047 
40 620 867 1,025 1,134 1,213 1,272 1,318 1,356 1,386 1,412 
50 782 1,093 1,293 1,430 1,529 1,604 1,663 1,710 1,748 1,781 
60 945 1,322 1,563 1,728 1,848 1,938 2,009 2,066 2,113 2,152 
70 1,109 1,551 1,834 2,028 2,169 2,275 2,358 2,425 2,480 2,526 
80 — — 1,782 2,107 2,330 2,492 2,614 2,709 2,786 2,849 2,902 
90 —' — ma — 2,381 2,633 2,816 2,954 3,062 3,149 3,220 3,279 
100 — — —  —  —  —  —  —  3,142 3,296 3,416 3,513 3,593 3,659 
no —  —  —  —  — — —  —  * — —  —  3,772 3,879 3,967 4,040 
120 —  - -- -- - - - - - - - - -- -- 4,422 
SITE INDEX 65 
20 331 463 548 606 648 679 704 724 740 754 
30 505 706 835 923 987 1,035 1,073 1,104 1,128 1,149 
40 681 952 1,125 1,244 1,331 1,396 1,447 1,488 1,522 1,550 
50 858 1,200 1,419 1,569 1,678 1,760 1,825 1,876 1,919 1,954 
60 1,037 1,450 1,715 1,896 2,028 2,127 2,205 2,268 2,319 2,362 
70 1,218 1,702 2,013 2,226 2,380 2,497 2,588 2,662 2,722 2,772 
80 —  —  1,956 2,313 2,557 2,734 2,869 2,973 3,058 3,127 3,185 
90 — —  — — 2,614 2,890 3,091 3,242 3,361 3,456 3,534 3,599 
100 —  —  —  —  —  —  3,225 3,448 3,617 3,749 3,856 3,943 4,016 
110 —  —  mmtm " — —' — —  —  3,994 4,140 4,257 4,353 4,434 
120 —  —  —  —  — — — —' * — —p — — w 4,660 4,765 4,853 
130 - - - - -  - -- -  —  — -- 5,274 
Table 37 (Continued) 
Basal Average stand age — years 
area 20 30 40 50 60 70 80 90 100 110 
SITE INDEX 75 
20 364 508 601 665 711 746 773 795 813 828 
30 554 775 916 1,013 1,083 1,136 1,178 1,211 1,238 1,261 
40 747 1,045 1,235 1,366 1,460 1,532 1,588 1,633 1,670 1,701 
50 942 1,317 1,557 1,722 1,842 1,932 2,002 2,059 2,106 2,145 
60 1,138 1,592 1,882 2,081 2,226 2,335 2,420 2,489 2,545 2,592 
70 1,336 1,868 2,209 2,443 2,612 2,740 2,841 2,921 2,987 3,042 
80 1,535 2,146 2,538 2,806 3,001 3,148 3,263 3,356 3,432 3,495 
90 — — 2,426 2,868 3,172 3,392 3,558 3,688 3,793 3,878 3,950 
100 — — — — 3,200 3,539 3,784 3,970 4,115 4,231 4,327 4,407 
110 — — — — — — 4,178 4,383 4,543 4,672 4,778 4,866 
120 — — — — — — — — . — — 4,973 5,114 5,230 5,326 
130 - - — — — — -  - -  — — - — - — — 5,683 5,788 
SITE INDEX 85 
20 399 558 660 729 780 818 848 872 892 908 
30 608 850 1,005 1,112 1,189 1,247 1,293 1,329 1,359 1,384 
40 820 1,146 1,355 1,499 1,603 1,681 1,743 1,792 1,833 1,867 
50 1,034 1,445 1,709 1,890 2,021 2,120 2,198 2,260 2,311 2,354 
60 1,249 1,747 2,066 2,284 2,443 2,562 2,656 2,731 2,793 2,845 
70 1,467 2,050 2,425 2,681 2,867 3,008 3,117 3,206 3,278 3,339 
80 1,685 2,356 2,785 3,080 3,294 3,455 3,581 3,683 3,766 3,836 
90 — — 2,662 3,148 3,481 3,722 3,905 4,048 4,162 4,256 4,335 
100 — — — —  3,512 3,884 4,153 4,357 4,516 4,644 4,749 4,837 
no — — — — — — 4,288 4,585 4,810 4,986 5,127 5,243 5,340 
120 — — — — — — — — —  —  5,266 5,458 5,613 5,739 5,845 
130 — — — — 
--
— — - - — — — — 6,099 6,237 6,352 
Init 
basi 
are; 
20 
30 
40 
50 
60 
70 
80 
90 
100 
110 
120 
20 
30 
40 
50 
60 
70 
80 
90 
100 
110 
120 
130 
TT5~ 
342 
396 
422 
427 
416 
393 
359 
315 
264 
205 
140 
384 
446 
477 
486 
477 
455 
420 
375 
321 
259 
190 
115 
Net cubic-volume growth per acre in 10 years, by initial age and basal area 
[In cubic feet per acre] 
Initial stand age -- years 
20 30 ?Ô 50 60 70 80 90 TOÔ 
SITE INDEX 55 
741 652 581 525 479 442 411 385 362 
812 720 646 588 541 502 469 441 417 
842 745 670 612 565 527 495 467 443 
844 740 665 608 563 527 496 470 447 
828 715 639 584 542 508 479 455 435 
797 673 596 543 504 473 448 427 409 
— mm 619 540 489 453 426 405 387 372 
— — — — 472 423 391 368 351 337 325 
— — " —» mm — — 320 301 288 278 270 
— - :: — — - - - - 217 212 208 
SITE INDEX 65 
845 741 . 658 593 540 498 462 432 406 
931 822 736 668 613 568 530 498 470 
970 856 768 699 645 600 562 530 502 
979 857 768 700 647 604 567 536 510 
966 834 744 678 627 587 553 524 499 
937 793 701 638 590 553 522 496 474 
— — 738 644 582 538 505 478 456 437 
— — — — 573 514 474 445 422 404 388 
— — 
— — 
— —  435 399 374 356 342 331 
— — — — — — — — — — 295 282 272 265 
-  - -  - -  - -  - - - -  - — — 194 192 
Tab! I 
Ini t 
bas, 
are; 
20 
30 
40 
50 
60 
70 
80 
90 
100 
110 
120 
130 
20 
30 
40 
50 
60 
70 
80 
90 
100 
110 
120 
130 
Ti p  
430 
502 
540 
553 
547 
525 
490 
444 
388 
323 
250 
170 
482 
565 
610 
628 
625 
605 
570 
522 
464 
396 
319 
235 
(Continued) 
Initial stand age — years 
20 30 40 50 60 70 53 §0 TM 
SITE INDEX 75 
964 841 744 669 609 560 519 485 456 
1,067 939 838 758 695 643 599 562 530 
1,117 982 879 799 735 682 638 601 568 
1,133 990 884 805 742 691 648 612 580 
1,124 971 864 786 725 677 636 602 573 
1,098 931 822 746 689 643 606 575 548 
1,056 875 764 690 636 595 562 534 510 
—  —  806 692 620 570 533 504 481 461 
— — 
— —  607 537 492 460 436 416 401 
—  —  —  —  — — —  —  403 376 357 343 332 
—  —  —  —  —  —  —  —  —  —  —  —  270 261 254 
- -
-  —  - - —  —  - - -  —  170 
SITE INDEX 85 
1,099 954 842 755 686 630 583 544 511 
1,222 1,070 952 860 787 726 676 634 597 
1,285 1,126 1,005 911 836 775 724 680 643 
1,310 1,141 1,018 924 850 790 740 697 660 
1,307 1,127 1,001 908 837 779 731 690 656 
1,283 1,090 961 870 802 747 702 665 633 
1,243 1,034 903 814 749 698 658 624 595 
—  —  963 829 742 681 635 599 569 544 
—  —  —  —  741 656 599 558 527 502 482 
—  —  —  —  559 507 471 445 425 409 
—  —  —  —  —  —  —  —  373 353 339 328 
— — 
—  —  —  -
-- 244 238 
Table 
Basal 
area 
20 
30 
40 
50 
60 
70 
80 
90 
100 
110 
120 
20 
30 
40 
50 
60 
70 
80 
90 
100 
110 
120 
130 
Total cordwood volume per acre of all 
[In cords 
trees over 4.5 inches dbh, by age and basal area 
per acre] 
Average stand age -- years 
20 30 40 50 60 70 80 90 100 110 
SITE INDEX 55 
0.8 2.6 4.0 4.9 5.4 5.7 5.9 6.1 6.2 6.3 
1.3 3.9 6.1 7.4 8.2 8.7 9.0 9.2 9.4 9.6 
1.5 5.0 8.1 9.9 11.0 11.7 12.1 12.5 12.7 13.0 
1.7 5.9 9.9 12.4 13.8 14.7 15.3 15.7 16.1 16.4 
1.8 6.7 11.6 14.8 16.6 17.7 18.4 19.0 19.4 19.8 
1.8 7.3 13.0 17.0 19.4 20.7 21.6 22.3 22.8 23.2 
— — 7.7 14.4 19.2 22.1 23.8 24.8 25.6 26.2 26.7 
— — — —> 15.6 21.3 24.7 26.8 28.0 28.9 29.6 30.1 
— » M — " — — — 27.4 29.8 31.2 32.2 33.0 33.6 
— — — — — — — — — — — am 34.4 35 ..6 36.4 37.1 
— — — — - - -- — — 40.6 
SITE INDEX 65 
1.4 3.4 4.8 5.5 5.9 6.2 6.5 6 . 7  6.8 6.9 
2.0 5.1 7.2 8.4 9.1 9.5 9.9 10.1 10.4 10.6 
2.5 6.7 9.7 11.3 12.2 12.8 13.3 13.7 14.0 14.2 
2.9 8.1 12.0 14.2 15.4 16.2 16.8 17.2 17.6 18.0 
3.2 9.4 14.3 17.0 18.5 19.5 20.3 20.8 21.3 21.7 
3.3 10.5 16.4 19.8 21.7 22.9 23.8 24.5 25.0 25.5 
— — 11.4 18.4 22.6 24.9 26.3 27.3 28.1 28.7 29.3 
— — — — 20.3 25.3 28.0 29.7 30.9 31.7 32.5 33.1 
— — — — — 27.9 31.2 33.1 34.4 35.4 36.2 36.9 
— — — —» —• — — — " — 36.5 38.0 39.1 40.0 40.7 
— — » a* — mm 
— — 
#» am mm mm 42.8 43.8 44.6 
- — — — — — — — — " — #» — am — — — 48.4 
Table 39 (Continued) 
Basal Average stand age -- years 
irea 20 30 40 50 60 70 80 90 100 110 
SITE INDEX 75 
20 1.9 4.1 5.4 6.1 6.5 6.8 7.1 7.3 7.5 7.6 
30 2.9 6.3 8.2 9.3 9.9 10.4 10.8 11.1 11.4 11.6 
40 3.7 8.3 11.1 12.5 13.4 14.1 14.6 15.0 15.3 15.6 
50 4.3 10.2 13.8 15.7 16.9 17.7 18.4 18.9 19.3 19.7 
60 4.8 12.0 16.6 19.0 20.4 21.4 22.2 22.9 23.4 23.8 
70 5.2 13.6 19.2 22.2 24.0 25.2 26.1 26.8 27.4 27.9 
80 5.4 15.0 21.8 25.4 27.5 28.9 30.0 30.8 31.5 32.1 
90 -- 16.3 24.3 28.6 31.1 32.7 33.9 34.8 35.6 36.3 
100 — — — — 26.8 31.8 34.6 36.5 37.8 38.9 39.8 40.5 
110 — — — — — — — — 38.2 40.2 41.7 42.9 43.9 44.7 
120 — — — — — — — — — — - — — 45.7 47.0 48.0 48.9 
130 — — - - - - — - - — - - - - 52.2 53.2 
SITE INDEX 85 
20 2.5 4.8 6.0 6.7 7.2 7.5 7.8 8.0 8.2 8.3 
30 3.8 7.3 9.2 10.2 10.9 11.5 11.9 12.2 12.5 12.7 
40 4.9 9.8 12.3 13.8 14.7 15.4 16.0 16.5 16.8 17.1 
50 5.9 12.1 15.5 17.3 18.6 19.5 20.2 20.8 21.2 21.6 
60 6.7 14.4 18.7 21.0 22.4 23.5 24.4 25.1 25.7 26.1 
70 7.3 16.5 21.8 24.6 26.3 27.6 28.6 29.5 30,1 30.7 
80 7.8 18.5 24.9 28.2 30.2 31.7 32.9 33.8 34,6 35.2 
90 — — 20.3 27.9 31.8 34.2 35.9 37.2 38.2 39.1 39.8 
100 — — — — 30.9 35.4 38.1 40.0 41.5 42.7 43.6 44.4 
110 — — " — 39.1 42.1 44.2 45,8 47.1 48.2 49.1 
120 — —• — — 48.4 50.1 51.6 52.7 53.7 
130 — — — 56.0 57.3 58.4 
Table 40. Net cordwood growth per acre in 10 years, by initial age and basal area 
[In cords per acre] 
Initial 
basal Initial stand age — years 
area 20 30 40 50 60 70 80 90 100 no 
SITE INDEX 55 
20 5.9 6.5 5.7 5.0 4.4 4.1 3.8 3.5 3.3 3.1 
30 5.6 7.1 6.4 5.6 5.0 4.6 4.3 4.1 3.8 3.6 
40 5.2 7.3 6.8 5.9 5.3 4.9 4.5 4.3 4.1 3.9 
50 5.7 7.1 6.9 6.0 5.3 4.9 4.6 4.3 4.1 3.9 
60 6.7 6.9 6.8 5.9 5.2 4.7 4.4 4.2 4.0 3.8 
70 7.0 6.7 6.7 5.7 4.9 4.4 4.1 3.9 3.8 3.6 
80 —— 7.2 6.5 5.4 4.6 4.1 3.8 3.6 3.4 3.3 
90 — — — — 6.4 5.1 4.2 3.6 3.3 3.1 3.0 2.9 
100 — — — — — — — — 3.7 3.0 2.7 2.6 2.5 2.4 
no — — — — — — — — — — 2.1 2.0 1.9 1.9 
120 -- - - — — - — — — — — 1.3 
SITE INDEX 65 
20 8.0 7.4 6.3 5.5 5.0 4.6 4.2 4.0 3.7 3.5 
30 8.2 8.3 7.1 6.2 5.6 5.2 4.9 4.6 4.3 4.1 
40 7.9 8.8 7.5 6.6 5.9 5.5 5.2 4.9 4.6 4.4 
50 7.3 9.0 7.7 6.6 6.0 5.6 5.2 4.9 4.7 4.5 
60 7.5 8.9 7.7 6,5 5.8 5.4 5.1 4.8 4.6 4.4 
70 8.2 8.8 7.6 6.3 5.5 5.1 4.8 4.6 4.4 4.2 
80 — — 8.5 7.4 6.0 5.1 4.7 4.4 4.2 4.0 3.9 
90 — — — • 7.1 5.5 4.6 4.1 3.9 3.7 3.6 3.4 
100 — — ^ - — — 5.0 4.0 3.5 3.3 3.1 3.0 3.0 
110 M — " • — «• — — — — 2.8 2.6 2.5 2.4 2.4 
120 — — - — — —• — — — — — 1.8 1.8 1.7 
130 — — " • — — — — — — — — — — — — 1.1 
Table 40 (Continued) 
Initial 
basal Initial stand age — years 
area 20 30 40 50 60 70 80 90 100 110 
SITE INDEX 75 
20 9.6 8.2 6.9 6.2 5.6 5.1 4,8 4.5 4.2 4.0 
30 10.5 9.3 7.9 7.0 6.4 5.9 5.5 5.2 4.9 4.6 
40 10.7 9.9 8.3 7.4 6.8 6.3 5.9 5.5 5.2 5.0 
50 10.3 10.3 8.5 7.5 6.8 6.3 6.0 5.6 5.3 5.1 
60 9.7 10.4 8.5 7.3 6.7 6.2 5.8 5.5 5.3 5.0 
70 9.4 10.3 8.3 7.0 6.4 5.9 5.6 5.3 5.0 4.8 
80 9.8 10.1 8.0 6.6 5.9 5.5 5.2 4.9 4.7 4,5 
90 — — 9.8 7.6 6.1 5.3 4.9 4.6 4.4 4.2 4.1 
100 — — — — 7.1 5.4 4.6 4.2 4.0 3.8 3.7 3.6 
110 — — — — — — — — 3.8 3.5 3.3 3.1 3.0 3.0 
120 — — — — — — — — — — - — — 2.5 2.4 2.3 2.3 
130 - - - - -- - - —  —  —  - -  - 1.6 1.6 
SITE INDEX 85 
20 11.0 9.1 7.8 6.9 6.3 5.8 5.4 5.0 4.7 4.4 
30 12.3 10.3 8.8 7.9 7.2 6.7 6.2 5.8 5.5 5.2 
40 13.0 11.0 9.3 8.4 7.7 7.1 6.7 6.3 5.9 5.6 
50 13.1 11.4 9.5 8.5 7.8 7.3 6.8 6.4 6.1 5.8 
60 12.9 11.5 9.5 8.4 7.7 7.2 6.7 6.3 6.0 5.7 
70 12.3 11.5 9.2 8.1 7.4 6.9 6.5 6.1 5.8 5.6 
80 11.6 11.3 8.9 7.6 6.9 6.4 6.0 5.7 5.5 5.2 
90 — — 10.9 8.4 7.0 6.3 5.8 5.5 5.2 5.0 4.8 
100 — —  — — 7.7 6.2 5.5 5.1 4.8 4.6 4.4 4.3 
110 — — —' —« —• —• 5.4 4.7 4.3 4.1 3.9 3.8 3.6 
120 — — — — — — — — — — 3.4 3.2 3.1 3.0 2.9 
130 — — —• — — — — — — — — — — — 2.2 2.2 2.2 
Table 
Basal 
area 
20 
30 
40 
50 
60 
70 
80 
90 
100 
110 
120 
20 
30 
40 
50 
60 
70 
80 
90 
100 
110 
120 
130 
Total board-foot volume per acre of all trees over 8.5 inches dbh, by age and basal 
area 
[In board feet per acre] 
Average stand age -- .years 
20 30 40 50 60 70 80 90 100 110 
SITE INDEX 55 
0 0 118 411 898 1,431 1,870 2,178 2,359 2,434 
0 0 168 619 1,335 2; 134 2,850 3,320 3,587 3,709 
0 0 186 727 1,651 2,708 3,696 4,401 4,789 4,988 
0 0 175 770 1,834 3,156 4,397 5,361 5,968 6,263 
0 0 156 777 1,936 3,490 4,997 6,267 7,049 7,507 
0 0 119 743 1,954 3,646 5,451 6,966 8,071 8,718 
— — 0 83 690 1,929 3,728 5,767 7,601 8,989 9,858 
— — — — 43 630 1,858 3,749 6,008 8,125 9,791 10,940 
— — — — — — — — 1,824 3 808 6,225 8,595 10,574 12,001 
— — «— — — — — — — — — « 6,462 9,123 11,348 13,007 
— — — — — — — — 
--
- -
- - -  -
-  - 14,045 
SITE INDEX 65 
0 42 325 888 1,545 2,076 2,420 2,558 2,628 2,677 
0 61 465 1,304 2,330 3,164 3,646 3,893 4,005 4,080 
0 59 553 1,602 2,929 4,119 4,851 5,234 5,400 5,501 
0 43 572 1,772 3,394 4,922 5,985 6,552 6,801 6,937 
0 22 568 1,866 3,783 5,669 7,027 7,820 8,200 8,383 
0 0 523 1,859 3,976 6,201 7,960 9,042 9,587 9,836 
0 0 475 1,836 4,084 6,630 8,774 10,175 10,934 11,289 
— — — — 419 1,768 4,122 6,914 9,463 11,241 12,238 12,727 
— — — — 
•> — 1,736 4,167 7,267 10,144 12,238 13,521 14,163 
— —  
— — » — " —' — 7,538 10,764 13,218 14,789 15,580 
— — — M w " — —' — — mm •» — 14,293 16,048 17,007 
— — — — — — — — — — — — — — 
— — 
-- 18,451 
Table 41 (Continued) 
Basal 
area 
Average stand age — years 
20 30 40 50 60 70 80 90 100 no 
SITE INDEX 75 
20 0 135 654 1,439 2,172 2,562 2,737 2,821 2,885 2,938 
30 0 195 960 2,192 3,260 3,891 4,171 4,299 4,396 4,478 
40 0 219 1,155 2,716 4,256 5,171 5,610 5,797 5,928 6,038 
50 0 215 1,262 3,160 5,093 6,378 7,028 7,308 7,475 7,613 
60 0 195 1,318 3,447 5,818 7,534 8,421 8,825 9,034 9,201 
70 0 156 1,277 3,563 6,318 8,532 9,776 10,332 10,603 10,800 
80 0 117 1,224 3,648 6,770 9,402 11,052 11,831 12,179 12,407 
90 — — 76 1,161 3,643 7,073 10,137 12,221 13,291 13,756 14,022 
100 — — — — 1,116 3,680 7,345 10,920 13,358 14,731 15,332 15,644 
110 — — — —' — — — 7,637 11,640 14,528 16,130 16,900 17,272 
120 — — — — — — — — — — — — 15,691 17,575 18,483 18,905 
130 — - -- - - — — — — — — -- -  - 20,058 20,544 
SITE INDEX 85 
20 2 296 1,119 2,072 2,650 2,898 3,011 3,096 3,166 3,225 
30 0 429 1,645 3,075 4,003 4,409 4,588 4,718 4,825 4,914 
40 0 503 2,024 3,975 5,333 5,928 6,187 6,362 6,506 6,626 
50 0 524 2,276 4,710 6,537 7,423 7,800 8,023 8,204 8,355 
60 0 515 2,423 5,280 7,628 8,916 9,422 9,696 9,915 10,098 
70 0 471 2,459 5,693 8,590 10,287 11,035 11,380 11,638 11,852 
80 0 423 2,439 5,968 9,418 11,623 12,640 13,073 13,370 13,616 
90 —— 367 2,397 6,169 10,171 12,847 14,204 14,771 15,110 15,389 
100 — — — — 2,373 6,354 10,793 14,041 15,746 16,470 16,859 17,170 
110 — — — — mm — 6,566 11,478 15,219 17,273 18,168 18,613 18,957 
120 — — — — —• — — — — — 16,444 18,821 19,873 20,374 20,751 
130 — — — — — — — — — — — — — — 21,580 22,141 22,551 
Table 42. Net board-foot growth per acre in 10 years, by initial age and basal area 
[In board feet per acre] 
Initial 
basal Initial stand age -- years 
area 20 30 40 50 60 70 80 90 100 110 
SITE INDEX 55 
20 17 391 963 1,458 1,744 1,742 1,596 1,434 1,304 1,218 
30 0 313 951 1,596 1,939 1,955 1,819 1,643 1,502 1,408 
40 0 213 847 1,558 2,028 2,096 1,938 1,733 1,587 1,493 
50 0 123 710 1,442 2,007 2,160 2,014 1,783 1,602 1,499 
60 0 55 598 1,307 1,933 2,169 2,046 1,793 1,578 1,453 
70 0 5 496 1,156 1,822 2,130 2,049 1,780 1,523 1,369 
80 —— 0 430 1,014 1,704 2,075 2,036 1,754 1,452 1,256 
90 — — —— 389 894 1,581 2,012 2,017 1,726 1,378 1,127 
100 — — — — — — — — 1,487 1,962 1,998 1,698 1,300 990 
110 — — — — — " — — M — — 1,981 1,664 1,218 849 
120 — — - - - - -- - - - - — — — — -- 701 
SITE INDEX 65 
20 238 1,089 2,024 2,431 2,320 2,008 1,713 1,546 1,442 1,362 
30 98 1,006 2,152 2,796 2,730 2,346 2,009 1,791 1,671 1,584 
40 6 826 2,100 2,959 3,014 2,612 2,196 1,921 1,783 1,694 
50 0 644 1,916 2,969 3,193 2,820 2,329 1,988 1,818 1,726 
60 0 503 1,722 2,896 3,299 2,965 2,429 2,018 1,798 1,696 
70 0 375 1,499 2,746 3,336 3,092 2,511 2,017 1,738 1,618 
80 — *- 271 1,302 2,533 3,323 3,188 2,585 2,012 1,659 1,503 
90 — - — — 1,126 2,251 3,157 3,268 2,659 1,997 1,566 1,365 
100 — — — — — 2,005 2,948 3,183 2,708 1,979 1,453 1,198 
110 — — — w m» M — — — 3,051 2,682 1,944 1,322 1,017 
120 — —  — — mm — — — — — — — — —' 1,840 1,175 810 
130 — — — — — — — — — — — — " — W — — — 575 
Table 42 (Continued) 
Initial 
basal Initial stand age -- years 
area 20 30 40 50 60 70 80 90 100 110 
SITE INDEX 75 
20 745 2,228 3,126 3,012 2,480 2,072 1,850 1,722 1,617 1,527 
30 489 2,212 3,562 3,598 2,966 2,421 2,136 1,995 1,882 1,783 
40 279 1,972 3,674 4,012 3,345 2,671 2,293 2,133 2,017 1,917 
50 126 1,663 3,560 4,248 3,674 2,876 2,380 2,175 2,061 1,963 
60 24 1,361 3,308 4,306 3,914 3,030 2,421 2,148 2,033 1,941 
70 0 1,081 2,931 4,196 4,076 3,193 2,434 2,079 1,947 1,864 
80 0 867 2,569 4,000 4,118 3,315 2,452 1,975 1,815 1,740 
90 — — 700 2,239 3,738 4,093 3,402 2,475 1,869 1,648 1,575 
100 — — — — 1,966 3,464 3,992 3,380 2,448 1,739 1,451 1,377 
110 — — — — — — - - 3,832 3,314 2,344 1,600 1,236 1,147 
120 — — mm a " — — — — " - — — 2,194 1,389 982 889 
130 -- -- — - — — — — - - -- 711 606 
SITE INDEX 85 
20 1,641 3,543 3,900 3,178 2,554 2,243 2,071 1,932 1,813 1,710 
30 1,240 3,705 4,594 3,848 3,008 2,596 2,401 2,249 2,119 2,006 
40 888 3,497 4,954 4,356 3,319 2,792 2,570 2,416 2,283 2,167 
50 575 3,087 5,021 4,743 3,615 2,906 2,627 2,475 2,344 2,231 
60 357 2,630 4,877 5,000 3,872 2,944 2,602 2,451 2,327 2,219 
70 84 2,167 4,583 5,127 4,089 3,024 2,526 2,361 2,246 2,147 
80 66 1,778 4,209 5,133 4,257 3,058 2,408 2,215 2,112 2,023 
90 — — 1,447 3,811 5,031 4,343 3,102 2,287 2,025 1,931 1,855 
100 — — — — 3,435 4,847 4,379 3,089 2,143 1,799 1,710 1,647 
110 — — — — — — 4,608 4,304 3,016 1,969 1,543 1,454 1,406 
120 — — " — m, — — — — — 2,857 1,738 1,254 1,165 1,133 
130 . — — — — — — — — — — — — — — 936 847 833 
Table 43. Average stand diameter of trees 2.6 inches dbh and larger by site, age, and residual 
basal area 
[In inches] 
Basal Average stand age — years 
area 20 30 40 50 60 70 80 90 100 110 
SITE INDEX 55 
20 3.6 4.8 6.0 7.2 8.4 9.6 10.8 12.0 13.2 14.4 
30 3.6 4.8 6.0 7.2 8.3 9.5 10.7 11.9 13.1 14.3 
40 3.5 4.7 5.8 7.0 8.2 9.3 10.5 11.6 12.8 13.9 
50 3.4 4.5 5.7 6.8 7.9 9.0 10.2 11.3 12.4 13.5 
60  3 .3  4 .4  5 .5  6 .6  7 .7  8 .8  9 .9  n  .o  12 .1  13 .2  
70 3.2 4.3 5.3 6.4 7.4 8.5 9.6 10.6 11.7 12.7 
N 
—  —  
hi hi  w N 8,3 9,3 10,3 11,3 12.4 
so  — 4 . 1  5 .2  6 ,2  7 .2  8^3  9^ .3  10 .3  n  .3  12 .4  
90 — — — mm 5.0 6 .0  7.0 8.0 9.0 10.0 n.o 
100 mn m m m m • m 7 J 8.8 9,8 10.8 U,8 
no — — — - — — —  8 .7  9 .6  10 .6  .6  
120 —  —  —  - —  —  —  —  —  —  —  —  -  —  — — — ÏÎ.4 
SITE INDEX 65 
20 4.1 5.5 6.9 8.3 9.7 11.1 12.5 13.9 15.3 16.8 
30 4.0 5.4 6.8 8.2 9.6 11.0 12.4 13.8 15.2 16.6 
40 3.9 5.3 6.7 8.0 9.4 10.8 12.2 13.5 14.9 16.3 
50 3.8 5.2 6.5 7.8 9.1 10.5 11.8 13.1 14.5 15.8 
60 3.7 5.0 6.3 7.6 8.9 10.2 11.5 12.8 14.1 15.3 
70 3.6 4.8 6.1 7.4 8.6 9.9 11.1 12.4 13.6 14.9 
80 #- — 4.7 5.9 7.1 8.4 9.6 10.8 12.0 13.2 14.4 
90 — — — — 5.8 6.9 8.1 9.3 10.5 11.7 12.8 14.0 
100 — — " — mm mm 6.8 7.9 9.1 10.3 11.4 12.6 13.7 
no — — mm mm — — — —» " — 8.9 10.1 11.2 12.3 13.5 
120 — — — — — — — — — — — — — — — 11.1 12.2 13.3 
130 — — — — — — — — — — " — — — — — — — 13.2 
Table 43 (Continued) 
Basal Average stand age — years 
area 20 30 40 50 60 70 80 90 100 110 
SITE INDEX 75 
20 4.5 6.1 7.7 9.4 11.0 12.6 14.3 15.9 17.5 19.1 
30 4.5 6.1 7.7 9.3 10.9 12.5 14.2 15.8 17.4 19.0 
40 4.4 5.9 7.5 9.1 10.7 12.3 13.8 15.4 17.0 18.6 
50 4.2 5.8 7.3 8.8 10.4 11.9 13.4 15.0 16.5 18.0 
60 4.1 5.6 7.1 8.6 10.1 11.6 13.1 14.6 16.0 17.5 
70 4.0 5.4 6.9 8.3 9.8 11.2 12.6 14.1 15.5 17.0 
80 3.9 5.3 6.7 8.1 9.5 10.9 12.3 13.7 15.1 16.5 
90 — — 5.1 6.5 7.8 9.2 10.6 11.9 13.3 14.7 16.0 
100 — — — — 6.3 7.7 9.0 10.3 11.7 13.0 14.3 15.7 
110 — — — — — — — — 8.8 10.2 11.5 12.8 14.1 15.4 
120 — — — — — — — — — — — — 11.3 12.6 13.9 15.2 
130 13.8 15.1 
SITE INDEX 85 
20 4.9 6.8 8.6 10.5 12.3 14.2 16.0 17.8 19.7 21.5 
30 4.9 6.7 8.6 10.4 12.2 14.0 15.9 17.7 19.5 21.4 
40 4.8 6.6 8.4 10.2 11.9 13.7 15.5 17.3 19.1 20.9 
50 4.6 6.4 8.1 9.9 11.6 13.3 15.1 16.8 18.6 20.3 
60 4.5 6.2 7.9 9.6 11.3 13.0 14.6 16.3 18.0 19.7 
70 4.4 6.0 7.6 9.3 10.9 12.5 14.2 15.8 17.5 19.1 
80 4.2 5.8 7.4 9.0 10.6 12.2 13.8 15.4 16.9 18.5 
90 — — 5.7 7.2 8.8 10.3 11.8 13.4 14.9 16.5 18.0 
100 — — — — 7.1 8.6 10.1 11.6 13.1 14.6 16.1 17.6 
110 — — — — — — 8.4 9.9 11.4 12.9 14.3 15.8 17.3 
120 — — — #m — — — — — — 11.2 12.7 14.2 15.6 17.1 
130 — — — — — — — — — - — — — — 14.1 15.5 17.0 
Table 44. Annual ingrowth rate of trees reaching 2.6 inches dbh, by site, age and residual 
basal area 
[Ratio of ingrowth trees to total number of living trees] 
Basal Average stand age -- years 
irea 20 30 40 50 60 70 80 90 100 110 
SITE INDEX 55 
20 0.0329 0.0257 0.0242 0.0245 0.0252 0.0264 0.0280 0.0297 0.0313 0.0337 
30 .0328 .0212 .0185 .0182 .0188 .0200 .0214 .0231 .0249 .0271 
40 .0339 .0191 .0150 .0142 .0146 .0157 .0171 .0188 .0208 .0230 
50 .0102 .0184 .0127 .0113 .0115 .0125 .0140 .0157 .0176 .0199 
60 0 .0182 .0111 .0090 .0091 .0100 .0114 .0131 .0152 .0175 
70 0 .0172 .0100 .0072 .0070 .0079 .0093 .0111 .0131 .0154 
80 •a — 0 .0092 .0057 .0052 .0060 .0074 .0092 .0113 .0136 
90 — — — — .0085 .0043 .0036 .0042 .0056 .0075 .0096 .0120 
100 — — — 1 — — — — .0020 .0026 .0039 .0058 .0080 .0103 
110 — — — — — — — — — — — .0023 .0042 .0064 .0088 
120 - - - - - - - - " — — — — — .0073 
SITE INDEX 65 
20 0.0261 0.0208 0.0199 0.0203 0.0212 0.0225 0.0235 0.0254 0.0276 0.0292 
30 .0243 .0154 .0139 .0139 .0147 .0158 .0174 .0191 .0210 .0230 
40 .0250 .0124 .0099 .0097 .0105 .0116 .0132 .0147 .0167 .0190 
50 .0264 .0108 .0071 .0067 .0074 .0086 .0101 .0117 .0138 .0160 
60 .0123 .0098 .0050 .0042 .0048 .0060 .0076 .0094 .0114 .0136 
70 0 .0094 .0033 .0022 .0026 .0039 .0054 .0073 .0093 .0116 
80 — — .0088 .0018 .0003 .0007 .0019 .0036 .0055 .0076 .0099 
90 — — " — .0006 0 0 .0002 .0018 .0038 .0060 .0084 
100 — — — — — — 0 0 0 .0001 .0022 .0044 .0068 
110 — — — — —' — — — mm — 0 0 .0006 .0029 .0054 
120 — — — — m — — — » — — Ma w 0 .0014 .0039 
130 — — — — — — — — — — — — - •— — — —1 — .0024 
Table 44 (Continued) 
Basal Average stand age -- years 
irea 20 30 40 50 60 70 80 90 100 110 
SITE ; [NDEX 75 
20 0.0204 0.0165 0.0161 0.0166 0.0172 0.0184 0.0197 0.0218 0.0231 0.0250 
30 .0170 .0106 .0097 .0099 .0108 .0120 .0131 .0148 .0165 .0185 
40 .0164 ,0070 .0055 .0058 .0065 .0078 .0091 .0109 .0124 .0146 
50 .0174 .0046 .0025 .0026 .0035 .0048 .0063 .0079 .0100 .0118 
60 .0188 .0030 0 0 .0009 .0022 .0039 .0056 .0076 .0098 
70 .0133 .0018 0 0 0 .0002 .0018 .0037 .0056 .0080 
80 0 .0009 0 0 0 0 0 .0019 .0041 .0063 
90 — — .0001 0 0 0 0 0 .0003 .0026 .0049 
100 — — — — 0 0 0 0 0 0 .0010 .0035 
110 — — — —  — — — — 0 0 0 0 0 .0021 
120 — — — — — — — — — — — — 0 0 0 .0006 
130 —  —  - - —  —  —  —  —  - 0 0 
SITE ] [NDEX 85 
20 0.0153 0.0125 0.0122 0.0125 0.0134 0.0142 0.0153 0.0179 0.0180 0.0210 
30 .0110 .0063 .0057 .0062 .0071 .0082 .0095 .0113 .0121 .0145 
40 .0091 .0023 .0015 .0019 .0027 .0040 .0051 .0066 .0086 .0109 
50 .0090 0 0 0 0 .0012 .0023 .0039 .0062 .0078 
60 .0095 0 0 0 0 0 .0001 .0018 .0038 .0057 
70 .0109 0 0 0 0 0 0 0 .0020 .0041 
80 .0118 0 0 0 0 0 0 0 .0005 .0029 
90 — — 0 0 0 0 0 0 0 0 .0015 
100 — — — — 0 0 0 0 0 0 0 .0001 
110 — — — — — — 0 0 0 0 0 0 0 
120 — — — — — — — — — — 0 0 0 0 0 
130 — — — — — — — — — — •> M — 0 0 0 
Table 45. Annual number of ingrowth trees reaching 2.6 inches dbh, by site, age, and residual 
basal area 
[Number of trees per acre] 
Basal Average stand age -- years 
area 20 30 40 50 60 70 80 90 100 110 
SITE INDEX 55 
-20 9.2 4.1 2.4 1.7 1.3 1.1 0.9 0.8 0.7 0.6 
30 13.9 5.1 2.8 1.9 1.5 1.2 1.0 .9 .8 .7 
40 20.1 6.4 . 3.2 2.1 1.6 1.3 1.1 1.0 .9 .9 
50 8.0 8.2 3.6 2.3 1.7 1.4 1.2 1.1 1.0 1.0 
60 0 10.3 4.0 2.3 1.7 1.4 1.3 1.2 1.2 1.1 
70 0 12.1 4.5 2.3 1.6 • 1.4 1.3 1.3 1.2 1. 2  
80 — — 0 5.0 2.2 1.5 1.3 1.3 1.3 1.3 1.3 
90 — — — — 5.6 2.0 1.2 1.1 1.1 1.2 1.3 1.4 
TOO — — — — — — <— — .8 .8 .9 1.1 1.3 1.4 
110 — — — — — — — — .6 .9 1.2 1.3 
120 -  - - - -  - - - - - -  - - - — — 1.2 
SITE INDEX 65 
20 5.8 2.6 1.5 1.1 0.8 0.7 0.5 0.5 0.4 0.4 
30 8.2 2.9 1.6 1.1 .9 .7 .6 .6 .5 .5 
40 11.8 3.2 1.6 1.1 .9 .7 .7 .6 .5 .5 
50 16.5 3.7 1.6 1.0 .8 .7 .7 .6 .6 .6 
60 9.8 4.3 1.4 .8 .7 .6 .6 . 6  .6 .6 
70 0 5.1 1.1 .5 .5 .5 .6 .6 .6 .7 
80 — — 5.8 .8 .1 .2 .3 .4 .6 .6 .7 
90 — — — — .3 0 0 0 .3 .5 .6 .7 
100 — — — —• — — 0 0 0 0 .3 .5 .7 
110 — — — " — — — — w — 0 0 .1 .4 .6 
120 — — — — —• — — — " » — — — — 0 .2 .5 
130 — — — — — — — — — — — — — — — .3 
Table 45 (Continued) 
Basal Average stand age — years 
area 20 30 40 50 60 70 80 90 100 110 
SITE INDEX 75 
20 3.7 1.6 1.0 0.7 0.5 0.4 0.4 0.3 0.3 0.3 
30 4.7 1.6 .9 .6 .5 .4 .4 .3 .3 .3 
40 6.3 1.5 .7 .5 .4 .4 .4 .3 .3 .3 
50 8.9 1.3 .4 .3 .3 .3 .3 .3 .3 .3 
60 12.3 1.0 0 0 .1 .2 .3 .3 .3 .4 
70 10.8 .8 0 0 0 0 .1 .2 .3 .4 
80 0 .5 0 0 0 0 0 .1 .3 .3 
90 — — .1 0 0 0 0 0 0 .2 .3 
100 — — — — — 0 0 0 0 0 .1 .3 
110 — — •— — — — — — 0 0 0 0 0 .2 
120 —« — •— — — — — — — — — — 0 0 0 .1 
130 -- -- —  —  —  —  —  —  0 0 
SITE INDEX 85 
20 2.3 1.0 0.6 0.4 0.3 0.3 0.2 0.2 0.2 0.2 
30 2.5 .8 .4 .3 .3 . .2 .2 .2 .2 .2 
40 2.9 .4 .2 .1 .1 .2 .2 .2 .2 .2 
50 3.8 0 0 0 0 .1 .1 .1 .2 .2 
60 5.1 0 0 0 0 0 0 .1 .1 .2 
70 7.3 0 0 0 0 0 0 0 .1 .1 
80 9.6 0 0 0 0 0 0 0 0 .1 
90 •— — 0 0 0 0 0 0 0 0 .1 
100 — —, mm ## 0 0 0 0 0 0 0 0 
110 — — — — — — 0 0 0 0 0 0 0 
120 — — — — — — — —  — — 0 0 0 0 0 
130 — — — — — — «- — — — — — —  —  0 0 0 
Table 46. Annual mortality rate of trees 2.6 inches dbh and larger, by site, age and residual 
basal area 
[Ratio of mortality trees to total number of living trees] 
Basal Average stand age — years 
area 20 30 40 cn
 
o
 
60 70 80 90 100 110 
SITE INDEX 55 
20 0 0 0 0 0 0 0 0 0 0 
30 0 .0022 .0026 .0017 .0005 0 0 0 0 0 
40 .0036 .0059 .0058 .0048 .0034 .0021 .0007 0 0 0 
50 .0119 .0099 .0090 .0076 .0060 .0046 .0032 .0018 .0004 0 
60 .0241 .0145 .0120 .0103 .0083 .0068 .0054 .0039 .0027 .0015 
70 .0441 .0206 .0156 .0130 .0105 .0089 .0074 .0061 .0047 .0034 
80 — — .0288 .0195 .0158 .0124 .0108 .0093 .0079 .0065 .0052 
90 — — — mm .0244 .0189 .0143 .0126 .0110 .0095 .0082 .0068 
100 — — — — — — — — .0158 .0141 .0125 .0110 .0096 .0082 
110 — — — — — — — — — — — — .0137 .0122 .0108 .0094 
120 -- — - - - —  —  —  —  —  —  —  - —  - .0104 
SITE INDEX 65 
20 0 0 0 0 0 0 0 0 0 0 
30 0 .0022 .0031 .0024 .0013 .0001 0 0 0 0 
40 .0009 .0055 .0060 .0054 .0043 .0030 .0019 .0005 0 0 
50 .0058 .0087 .0089 .0080 .0069 .0056 .0043 .0030 .0019 .0008 
60 .0120 .0118 .0115 .0105 .0090 .0077 .0065 .0052 .0040 .0028 
70 .0209 .0155 .0141 .0128 .0112 .0098 .0084 .0071 .0059 .0047 
80 — — .0197 .0168 .0150 .0131 .0116 .0103 .0089 .0077 .0064 
90 — — — — .0196 .0172 .0148 .0134 .0119 .0105 .0093 .0081 
100 — — — — — — .0192 .0163 .0148 .0133 .0120 .0106 .0094 
110 — — — — — — — — — — .0161 .0146 .0132 .0118 .0106 
120 — —  — — — — — — — — — — — — .0141 .0128 .0115 
130 — — — — — — — — — — — — —' — — — — — .0123 
Table 46i (Continued) 
Basal Average stand age — years 
irea 20 30 40 50 60 70 80 90 100 110 
SITE INDEX 75 
20 0 0 0.0002 0 0 0 0 0 0 0 
30 0 .0025 .0036 .0031 .0023 .0012 0 0 0 G 
40 0 .0056 .0066 .0062 .0051 .0041 .0028 .0018 .0005 0 
50 .0035 .0084 .0092 .0086 .0076 .0066 .0054 .0042 .0032 .0019 
60 .0073 .01 n .0116 .0109 .0098 .0086 .0076 .0063 .0052 .0041 
70 .0119 .0138 .0140 .0132 .0120 .0107 .0094 .0083 .0070 .0061 
80 .0175 .0165 .0161 .0151 .0138 .0125 .0112 .0099 .0089 .0077 
90 .0194 .0182 .0170 .0155 .0142 .0129 .0115 .0104 .0092 
100 — — m» — w _ .0186 .0169 .0155 .0143 .0129 .0117 .0106 
no — = M M — — — .0182 .0168 .0154 .0142 .0129 .0117 
120 W S — •— — .0178 .0164 .0151 .0138 .0127 
130 - - — — - - -- " - .0147 .0134 
SITE INDEX 85 
20 0 0 0.0007 0.0004 0 0 0 0 0 0 
30 0 .0029 .0041 .0040 .0032 .0023 .0013 .0004 0 0 
40 0 .0059 .0071 .0068 .0059 .0050 .0038 .0026 .0018 .0009 
50 .0026 .0086 .0097 .0093 .0085 .0076 .0063 .0051 .0043 .0030 
60 .0054 .0110 .0120 .0116 .0107 .0095 .0084 .0073 .0063 .0051 
70 .0083 .0134 .0142 .0137 .0127 .0117 .0105 .0092 .0081 .0070 
80 .0112 .0155 .0162 .0156 .0146 .0134 .0121 .0110 .0099 .0089 
90 am » .0176 .0180 .0173 .0161 .0150 .0138 .0126 .0115 .0104 
100 «V mm « M .0196 .0188 .0176 .0164 .0151 .0139 .0128 .0116 
110 mr mm w — .0201 .0188 .0176 .0163 .0151 .0138 .0127 
120 M — M m. — — " — .0186 .0173 .0160 .0149 .0137 
130 am » « — V — — — — — — — — — .0168 .0157 .0146 
Table 47. Annual number of mortality trees by site, age, and residual basal area 
[Number of trees per acre] 
Basal Average stand age — years 
area 20 30 40 50 60 70 80 90 100 no 
SITE INDEX 55 
20 0 0 0 0 0 0 0 0 0 0 
30 0 0.5 0.4 0.2 0 0 0 0 0 0 
40 2.1 2.0 1.2 .7 0.4 0.2 0 0 0 0 
50 9.3 4.4 2.6 1.5 .9 .5 0.3 0.1 0 0 
60 24.1 8.2 4.4 2.6 1.5 1.0 .6 .4 0.2 0.1 
70 54.7 14.5 7.0 4.1 2.4 1.6 1.0 .7 .4 .3 
80 — 24.5 10.7 6.0 3.5 2.3 1.6 1.1 .7 .5 
90 — — — — 15.9 8.6 4.8 3.2 2.2 1.6 1.1 .8 
100 — — — — — — — — 6.1 4.2 2.9 2.1 1.5 1.1 
110 — — — — — — — - — — — — 3.7 2.6 1.9 1.4 
120 — — — — — - — — — — -- 1.8 
SITE INDEX 65 
20 0 0 0 0 0 0 0 0 0 0 
30 0 0.4 0.4 0.2 0.1 0 0 0 0 0 
40 0.4 1.4 1.0 .6 .4 0.2 0.1 0 0 0 
50 3.7 3.0 1.9 1.2 .8 .5 .3 0.2 0.1 0 
60 9.6 5.2 3.2 2.0 1.3 .8 .5 .4 .2 0.1 
70 20.7 8.5 4.9 3.1 1.9 1.3 .9 .6 .4 .3 
80 — — 13.0 7.0 4.3 2.7 1.9 1.3 .9 .6 .4 
90 — — — — 9.7 5.9 3.7 2.6 1.8 1.3 .9 .7 
100 — — — — -* 7.7 4.8 3.3 2.3 1.7 1.2 .9 
no — — — — — — — — — — 4.1 2.9 2.1 1.6 1.2 
120 — — — — — — — — — — — — — 2.5 1.9 1.4 
130 — — — •— — — — — — — — — — — — — — 1.7 
Table 47 (Continued) 
Basal Average stand age -- years 
area 20 30 40 50 60 70 80 90 100 110 
SITE INDEX 75 
20 0 0 0 0 0 0 0 0 0 0 
30 0 0.4 0.3 0.2 0.1 0 0 0 0 0 
40 0 1.2 .9 .5 .3 0.2 0.1 0.1 0 0 
50 1.8 2.3 1.6 1.0 .6 .4 .3 .2 0.1 0.1 
60 4.7 3.9 2.5 1.6 1.1 .7 .5 .3 .2 .1 
70 9.7 6.0 3.8 2.4 1.6 1.1 .8 .5 .4 .3 
80 17.2 8.7 5.3 3.4 2.2 1.6 1.1 .8 .6 .4 
90 — — 12.2 7.1 4.6 3.0 2.1 1.5 1.1 .8 .6 
100 — — — — 9.2 5.8 3.8 2.7 1.9 1.4 1.0 .8 
110 — — — — — — 7.1 4.7 3.3 2.4 1.8 1.3 1.0 
120 — — — — — — — — — — 3.9 2.8 2.1 1.6 1.2 
130 — - — — -- -- — — 1.8 1.4 
SITE INDEX 85 
20 0 0 0 0 0 0 0 0 0 0 
30 0 0.4 0.3 0.2 0.1 0.1 0 0 0 0 
40 0 1.0 .7 .5 .3 .2 0.1 0.1 0 0 
50 1.1 1.9 1.3 .9 .6 .4 .3 .2 0.1 0.1 
60 2.9 3.1 2.1 1.4 .9 .6 .4 .3 .2 .1 
70 5.6 4.8 3.1 2.0 1.4 1.0 .7 .5 .3 .2 
80 9.2 6.7 4.3 2.8 1.9 1.3 .9 .7 .5 .4 
90 — — 9.0 5.7 3.7 2.5 1.8 . 1.3 .9 .7 .5 
100 — — — — 7.2 4.7 3.2 2.2 1.6 1.2 .9 .7 
no — — — — — — 5.7 3.9 2.7 2.0 1.5 1.1 .9 
120 — — — — — — — — — — 3.2 2.3 1.7 1.3 1.0 
130 m, mm — — — — — — — — — — — — — 1.6 1.2 
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IK APPENDIX C 
ESTIMATES OF GROWTH AND YIELD 10 YEARS AFTER THINNING USING 
PREDICTION SYSTEM 3 
Table 48. Net basal-area growth in 10 years, by initial age and basal area 
[In square feet per acre] 
Initial 
basal Initial stand age -- years 
area 20 30 40 50 60 70 80 90 100 110 
SITE INDEX 55 
20 28.47 18.85 14.02 11.14 9.23 7.87 6.86 6.08 5.46 4.95 
30 33.52 22.66 17.05 13.65 11.37 9.75 8.52 7.57 6.81 6.19 
40 36.95 25.34 19.23 15.48 12.95 11.12 9.75 8.67 7.81 7.11 
50 39.29 27.24 20.80 16.82 14.11 12.14 10.66 9.50 8.57 7.80 
60 40.83 28.56 21.92 17.78 14.95 12.89 11.33 10.11 9.12 8.31 
70 41.74 29.41 22.68 18.44 15.54 13.42 11.81 10.54 9.52 8.68 
80 — — 29.88 23.12 18.85 15.91 13.76 12.12 10.83 9.79 8.93 
90 — — — — 23.31 19.05 16.10 13.94 12.29 10.99 9.93 9.07 
100 "" — — — —• — — — 16.12 13.97 12.33 11.03 9.98 9.11 
110 — — — — — — — — — — 12.26 10.97 9.93 9.07 
120 — -
- -
— — - — 
-- 8.96 
SITE INDEX 65 
20 29.10 19.23 14.28 11.34 9.39 8.01 6.98 6.18 5.55 5.03 
30 34.34 23.17 17.42 13.93 11.60 9.94 8.69 7.72 6.94 6.30 
40 37.94 25.97 19.69 15.84 13.24 11.37 9.96 8.86 7.98 7.26 
50 40.45 27.99 21.35 17.25 14.46 12.45 10.92 9.73 8.77 7.99 
60 42.14 29.42 22.56 18.28 15.36 13.25 11.64 10.38 9.37 8.53 
70 43.19 30.38 23.40 19.01 16.01 13.82 12.16 10.86 9.80 8.94 
80 — — 30.95 23.92 19.49 16.44 14.21 12.52 11.18 10.10 9.21 
90 — — — — 24.19 19.75 16.68 14.44 12.73 11.38 10.29 9.39 
100 *. — •> — — — 19.82 16.77 14.53 12.81 11.46 10.37 9.46 
110 M — — — — — — — — — 14.49 12.79 11.44 10.36 9.46 
120 — — — — — — — — am — — " 11.34 10.26 9.37 
130 — — —• — — — — — — — — — •— — — — — — 9.22 
Table 48 (Continued) 
Initial 
basal Initial stand age -- years 
area 20 30 40 50 60 70 80 90 100 110 
SITE INDEX 75 
20 29.74 19.61 14.55 11.54 9.55 8.15 7.10 6.29 5.64 5.12 
30 35.18 23.68 17.79 14.22 11.83 10.13 8.85 7.86 7.07 6.42 
40 38.96 26.61 20.15 16.20 13.53 11.62 10.18 9.05 8.15 7.41 
50 41.62 28.75 21.91 17.68 14.82 12.75 11.18 9.96 8.98 8.17 
60 43.46 30.29 23.20 18.79 15.78 13.60 11.95 10.65 9.6? 8.76 
70 44.66 31.35 24.12 19.59 16.49 14.23 12.51 11.17 10.08 9.19 
80 45.34 32.03 24.73 20.13 16.97 14.67 12.91 11.53 10.42 9.50 
90 - - 32.37 25.08 20.46 17.27 14.95 13.17 11.77 10.64 9.71 
100 — — — — 25.20 20.60 17.41 15.08 13.30 11.89 10.75 9.82 
110 — — — — — — — —' 17.41 15.09 13.32 11.91 10.73 9.84 
120 — —• — — — — — — — — _ — ** 13.23 11.84 10.72 9.79 
130 — — — — - — — - 10.59 9.67 
SITE INDEX 85 
20 30.38 19.99 14.82 11.74 9.72 8.28 7.21 6.39 5.73 5.20 
30 36.02 24.21 18.16 14.50 12.07 10.33 9.02 8.01 7.20 6.54 
40 39.38 27.26 20.62 16.56 13.83 11.87 10.39 9.24 8.32 7.57 
50 42.81 29.51 22.47 18.12 15.18 13.05 11.45 10.19 9.19 8.36 
60 44.81 31.16 23.85 19.30 16.20 13.96 12.26 10.93 9.86 8.98 
70 46.15 32.34 24.85 20.17 16.96 14.64 12.87 11.48 10.37 9.45 
80 46.96 33.12 25.55 20.78 17.51 15.13 13.31 11.89 10.74 9.79 
90 — — 33.56 25.97 21.17 17.87 15.45 13.61 12.16 10.99 10.03 
100 — — — *- 26.17 21.38 18.06 15.64 13.79 12.33 11.15 10.17 
110 — — — — — — 21.41 18.11 15.70 13.85 12.39 11.21 10.23 
120 — — — — — — — — — — 15.64 13.81 12.36 11.18 10.21 
13U — — — — — — — — — — — — 12.24 11.08 10.12 
Table 49. Total cubic-foot volume of all trees over 2.5 inches dbh, by age and basal area 
[In cubic feet] 
Basal Average stand age -- years 
irea 20 30 40 50 60 70 80 90 100 110 
SITE INDEX 55 
20 357 459 520 561 589 611 627 641 651 660 
30 548 703 797 859 903 936 962 982 998 1,012 
40 742 952 1,079 1,163 1,223 1,267 1,302 1,329 1,352 1,370 
50 938 1,204 1,365 1,471 1,547 1,603 1,647 1,681 1,709 1,733 
60 1,136 1,459 1,654 1,783 1,874 1,942 1,995 2,037 2,071 2,100 
70 1,337 1,717 1,945 2,097 2,204 2,284 2,347 2,396 2,436 2,470 
80 — — 1,976 2,239 2,413 2,537 2,629 2,701 2,758 2,804 2,842 
90 — — — — 2,534 2,732 2,872 2,976 3,057 3,122 3,174 3,218 
100 — — — — — — — — 3,209 3,326 3,416 3,488 3,547 3,595 
110 — —  — — —  —  —  —  — — — •— 3,777 3,856 3,921 3,975 
120 — - — — — -
--
- - 4,356 
SITE INDEX 65 
20 383 '192 558 601 632 655 673 687 698 708 
30 5o7 754 854 921 968 1,003 1,031 1,052 1,070 1,085 
40 795 1,021 1,157 1,247 1,311 1,358 1,395 1,425 1,449 1,469 
50 1,005 1,291 1,463 1,577 1,658 1,718 1,765 1,802 1,832 1,857 
60 1,218 1,564 1,773 1,911 2,009 2,082 2,138 2,183 2,290 2,251 
70 1,433 1,840 2,085 2,247 2,363 2,449 2,515 2,568 2,611 2,647 
80 — — 2,118 2,400 2,587 2,719 2,818 2,895 2,956 3,005 3,047 
90 — — — — 2,717 2,928 3,078 3,190 3,277 3,346 3,402 3,449 
100 — — — — —  —  3,272 3,440 3,565 3,661 3,739 3,801 3,854 
110 — — — — —  —  —  —  —  —  3,941 4,048 4,133 4,203 4,260 
120 — — — — — — —  —  mm — — —  — mm 4,530 4,603 4,669 
130 - - — - — — — — - - 5,080 
Table 49 (Continued) 
Basal Average stand age -- years 
area 20 30 40 50 60 70 80 90 100 110 
SITE INDEX 75 
20 411 527 598 644 677 702 721 736 748 759 
30 629 808 916 987 1,038 1,076 1,105 1,128 1,147 1,163 
40 852 1,094 1,240 1,336 1,405 1,456 1,496 1,527 1,553 1,574 
50 1,078 1,384 1,568 1,690 1,777 1,842 1,892 1,932 1,964 1,991 
60 1,306 1,677 1,900 2,048 2,153 2,231 2,292 2,340 2,380 2,412 
70 1,536 1,972 2,235 2,409 2,532 2,625 2,696 2,753 2,799 2,837 
80 1,768 2,270 2,572 2,773 2,915 3,021 3,103 3,168 3,221 3,266 
90 — — 2,569 2,912 3,139 3,300 3,420 3,513 3,586 3,647 3,697 
100 — — — — 3,253 3,507 3,687 3,821 3,925 4,007 4,075 4,131 
110 - - — — — — — — 4,076 4,224 4,339 4,430 4,505 4,567 
120 — — — — V mm — — — — — mm 4,755 4,855 4,937 5,005 
130 — - - - -- — 5,371 5,445 
SITE INDEX 85 
20 440 565 641 690 726 752 773 789 802 813 
30 675 866 982 1,058 1,112 1,153 1,184 1,209 1,229 1,246 
40 913 1,173 1,329 1,432 1,506 1,561 1,603 1,637 1,664 1,687 
50 1,155 1,483 1,681 1,812 1,905 1,974 2,028 2,070 2,105 2,134 
60 1,399 1,797 2,037 2,195 2,308 2,392 2,457 2,508 2,551 2,586 
70 1,646 2,114 2,395 2,582 2,714 2,813 2,890 2,950 3,000 3,041 
80 1,895 2,433 2,757 2,972 3,124 3,238 3,326 3,396 3,453 3,500 
90 — — 2,754 3,121 3,364 3,537 3,665 3,765 3,844 3,909 3,963 
100 - — — 3,487 3,759 3,952 4,095 4,207 4,295 4,367 4,427 
no — — — — — — 4,156 4,369 4,528 4,651 4,749 4,828 4,895 
120 — — — — — — — — •— — 4,962 5,097 5,204 5,292 5,364 
130 — - - - — -
-- 5,662 5,757 5,836 
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Net cubic-volume growth per acre in 10 years, by initial age and basal area 
[In cubic feet per acre] 
Average stand age -- years 
20 30 40 50 60 70 80 90 100 
SITE INDEX 55 
865 632 496 409 347 302 267 239 216 
1,061 787 624 516 440 383 340 305 277 
1,214 907 722 599 512 447 396 356 323 
1,338 1,004 801 666 569 497 441 397 360 
1,439 1,081 864 718 615 537 47/ 428 389 
1,523 1,144 914 760 650 568 504 453 411 
—  —  1,195 953 792 677 591 525 472 428 
—  —  
— —  984 816 697 609 540 485 440 
—  —  
— —  
—  —  —  —  711 620 549 493 447 
- - - -
- - —  -
-  - -  - 555 497 451 
SITE INDEX 65 
942 687 540 444 377 328 290 260 235 
1,158 857 679 562 479 417 370 332 301 
1,327 990 788 , 654 559 487 432 388 353 
1,463 1,097 875 727 622 543 482 433 393 
1,575 1,184 945 786 673 587 522 469 426 
1,668 1,254 1,002 833 713 623 553 497 451 
—  —  1,311 1,047 870 744 650 576 518 470 
—  —  —  —  1,082 898 767 670 594 534 484 
—  —  
—  —  
—  —  919 784 684 606 544 494 
—  —  —  —  —  —  —  —  —  —  692 613 550 499 
-  —  —  - -  - — - 552 500 
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(Continued) 
Average stand age -- years 
20 30 40 50 60 70 80 90 100 
SITE INDEX 75 
1,027 748 587 483 410 356 315 282 255 
1,263 935 740 612 521 454 402 361 327 
1,449 1,081 860 713 609 531 471 423 384 
1,599 1,199 956 794 679 593 526 473 430 
1,724 1,295 1,034 860 736 643 570 513 466 
1,828 1,374 1,097 913 781 682 606 544 494 
1 ,915 1,439 1,148 955 816 713 633 569 517 
— — 1,491 1,189 987 844 737 653 587 533 
— — 1,220 1,012 864 753 668 600 544 
—  — —  - —  — — 877 764 677 608 551 
— — 
X — 
— — " — —  -  _ M „ 682 611 554 
- - —  —  553 
SITE INDEX 85 
1,119 814 639 525 445 387 342 306 277 
1 ,378 1,018 806 666 568 494 438 393 356 
1,582 1,179 938 778 664 579 514 461 419 
1,748 1,310 1,044 867 742 648 575 516 469 
1,886 1,417 1,131 940 805 703 624 561 509 
2,002 1,505 1,202 1,000 855 747 663 596 542 
2,099 1,578 1,260 1,047 896 782 695 624 567 
— — 1,637 1,306 1,085 927 810 718 646 585 
— — — — 1,342 1,113 951 830 736 661 600 
—  — —  - — — 1,134 968 844 748 671 609 
—  — — — — — 
— — 852 754 677 613 
— — — — — — — — — — — — — — 678 614 
area 
20 
30 
40 
50 
60 
70 
80 
90 
100 
no 
120 
20 
30 
40 
50 
60 
70 
80 
90 
100 
110 
Total cordwood volume per acre of all trees over 4.5 inches dbh, by age and basal 
area 
[In cords per acre] 
Average stand age -- years 
20 30 40 50 60 70 80 90 100 110 
SITE INDEX 55 
1.0 2.8 4.2 5.0 5.4 5.6 5.8 5.9 6.0 6.1 
1.5 4.2 6.4 7.6 8.2 8.6 8.8 9.0 9.2 9.3 
1.9 5.5 8.5 10.2 11.1 11.6 12.0 12.2 12.4 12.6 
2.1 6.5 10.4 12.7 14.0 14.7 15.1 15.4 15,7 15.9 
2.2 7.4 12.2 15.2 16.9 17.8 18.3 18.7 19.0 19.3 
2.2 8.0 13.8 17.6 19.7 20.8 21.5 22.0 22.4 22.7 
—• — 8.6 15.3 19.9 22.5 23.9 24.7 25.3 25.8 26.1 
— M — — 16.6 22.1 25.2 27.0 28.0 28.7 29.2 29.6 
M «m M — — — — 27.9 30.0 31.2 32.0 32.6 33.0 
M M #» — mm M •m mm — — 34.5 35.4 36.0 36.5 
--
- - - -
— - -  - - - 40.0 
SITE INDEX 65 
1.6 3.6 4.9 5.5 5.8 6.0 6.2 6.3 6.4 6.5 
2.3 5.5 7.4 8.4 8.9 9.2 9.5 9.7 9.8 10.0 
3.0 7.2 10.0 11.3 12.0 12.5 12.8 13.1 13.3 13.5 
3.4 8.8 12.4 14.2 15.2 15.8 16.2 16,6 16.8 17.1 
3.7 10.2 14.8 17.1 18.4 19.1 19.6 20.1 20.4 20.7 
3.9 11.3 17.0 20.0 21.6 22.5 23.1 23.6 24.0 24.3 
## w* 12.3 19.1 22.8 24.8 25.8 26.6 27.2 27.6 28.0 
— M •m M 21.1 25.6 27.9 29.2 30.1 30.7 31.3 31.7 
M « M — M «m 28.3 31.1 32.6 33.6 34.3 34.9 35.4 
» _ M mm — — — 36.1 37.2 38.0 38.6 39.1 
M S a _ « — — — ™ — — — — 41.6 42.3 42.9 
_ _ M «a M •m M M M — M — — 46.7 
o> 
cn 
Table 51 (Continued) 
Basal Average stand age -- years 
area 20 30 40 50 60 70 80 90 100 no 
SITE INDEX 75 
20 2.2 4.3 5.4 5.9 6.2 6.4 6.6 6.8 6.9 7.0 
30 3.3 6.6 8.2 9.0 9.5 9.9 10.1 10.4 10.5 10.7 
40 4.2 8.7 11.1 12.2 12.9 13.4 13.7 14.0 14.3 14.5 
50 4.9 10.8 13.9 15.5 16.3 16.9 17.4 17.7 18.0 18.3 
60 5.5 12.6 16.7 18.7 19.8 20.5 21.1 21.5 21.9 22.2 
70 5.9 14.3 19.5 21.9 23.2 24.1 24.8 25.3 25.7 26.1 
80 6.2 15.9 22.1 25.1 26.7 27.7 28.5 29.1 29.6 30.0 
90 17.3 24.7 28.3 30.2 31.4 32.3 32.9 33.5 34.0 
100 — — —  27.2 31.5 33.7 " 35.1 36.1 36.8 37.4 37.9 
110 —  —  —  —  — ~ —  —  37.3 38.8 39.9 40.7 41.4 42.0 
120 —  —  —  —  —  —  —  —  —  —  —  —  43.7 44.6 45.4 46.0 
130 - — —  —  - - 49.3 50.0 
SITE INDEX 85 
20 2.8 4.9 5.8 6.3 6.7 6.9 7.1 7.2 7.4 7.5 
30 4.2 7.5 9.0 9.7 10.2 10.6 10.9 11.1 11.3 11.5 
40 5.5 10.0 12.1 13.2 13.8 14.3 14.7 15.0 15.3 15.5 
50 6.5 12.4 15.3 16.6 17.5 18.1 18.6 19.0 19.3 19.6 
60 7.5 14.8 18.4 20.1 21.2 22.0 22.6 23.0 23.4 23.8 
70 8.2 17.0 21.5 23.7 24.9 25.8 26.5 27.1 27.6 27.9 
80 8.7 19.1 24.6 27.2 28.7 29.7 30.6 31.2 31.7 32.2 
90 —  —  21.0 27.6 30.7 32.5 33.7 34.6 35.3 35.9 36.4 
100 —  —  —  —  30.7 34.3 36.3 37.6 38.6 39.5 40.1 40.7 
110 —  —  —  —  —  —  37.9 40.1 41.6 42.7 43.6 44.4 45.0 
120 —  —  —  —  —  —  —  —  — w. 45.6 46.8 47.8 48.6 49.3 
130 - - - - - - — - - - - - 52.0 52.9 53.6 
Table 52. Net cordwood growth per acre in 10 years, by initial age and basal area 
[In cords per acre] 
Initial 
basal Initial stand age -- years 
area 20 30 40 50 60 70 80 90 100 110 
SITE INDEX 55 
20 7.0 6.1 4.8 3.8 3.2 2.8 2.4 2.2 2.0 1.8 
30 8.1 7.8 6.1 4.9 4.1 3.5 3.1 2.8 2.5 2.3 
40 8.9 9.1 7.3 5.8 4.8 4.1 3.6 3.3 3.0 2.7 
50 n.i 10.2 8.3 6.5 5.4 4.6 4.1 3.6 3.3 3.0 
60 13.5 11.3 9.3 7.2 5.9 5.0 4.4 3.9 3.6 3.3 
70 15.2 12.4 10.3 7.9 6.3 5.3 4.7 4.2 3.8 3.5 
80 — — 14.3 11.3 8.6 6.7 5.6 4.9 4.3 3.9 3.6 
90 — — — — 12.4 9.2 7.2 5.8 5.0 4.5 4.0 3.7 
100 — — — — — « — — 7.5 6,1 5.2 4.6 4.1 3.8 
110 — — — — mm — — — — — — — 5.2 4.6 4.2 3.8 
120 — - -- - — — - — - -- — — - - 3.8 
SITE INDEX 65 
20 8.9 6.8 5.1 4.1 3.5 3.0 2.7 2.4 2.2 2.0 
30 10.7 8.7 6.5 5.2 4.4 3.8 3.4 3.0 2.8 2.5 
40 12.0 10.3 7.7 6.1 5.2 4.5 4.0 3.6 3.2 3.0 
50 12.9 11.7 8.8 6.9 5.8 5.0 4.4 4.0 3.6 3.3 
60 14.7 13.0 9.7 7.5 6.2 5.4 4.8 4.3 3.9 3.6 
70 16.9 14.2 10.7 8.2 6.7 5.7 5.1 4.6 4.1 3.8 
80 — —  15.4 11.6 8.7 7.0 6.0 5.3 4.8 4.3 4.0 
90 — — — — 12.5 9.2 7.3 6.2 5.5 4.9 4.5 4.1 
100 — — — — — — 9.7 7.6 6.4 5.6 5.0 4.5 4.2 
110 — — — — — — — — — — 6.5 5.7 5.1 4.6 4.2 
120 — — — — — — — — — — —• — — 5.1 4.6 4.2 
130 — — — — — — — — — — — — — — — •— — — 4.2 
Table 52 (.Continued) 
Initial 
basal Initial stand age — years 
area 20 30 40 50 60 70 80 90 100 no 
SITE INDEX 75 
20 10.3 7.3 5.5 4.4 3.8 3.3 2.9 2.6 2.3 2.1 
30 12.7 9.3 7.0 5.6 4.8 4.2 3.7 3.3 3.0 2.8 
40 14.5 10.9 8.2 6.6 5.6 4.9 4.3 3.9 3.5 3.2 
50 16.0 12.4 9.2 7.4 6.2 5.4 4.8 4.3 3.9 3.6 
60 17.1 13.8 10.1 8.0 6.8 5.9 5.2 4.7 4.3 3.9 
70 18.5 15.1 10.9 8.6 7.2 6.3 5.6 5.0 4.5 4.2 
80 20.2 16.3 11.7 9.1 7.5 6.6 5.8 5.2 4.7 4.3 
90 — — 17.5 12.5 9.5 7.8 6.8 6.0 5.4 4.9 4.5 
100 — — — — 13.2 9.9 8.0 6.9 6.1 5.5 5.0 4.6 
110 — — — — — — — — 8.2 7.0 6.2 5.6 5.1 4.6 
120 " — — — — — — — " — , — — 6.3 5.6 5.1 4.7 
130 - - — — - — - — 5.1 4.6 
SITE INDEX 85 
20 11.2 7.8 5.9 4.8 4.1 3.6 3.1 2.8 2.5 2.3 
30 14.0 9.8 7.5 6.1 5.2 4.5 4.0 3.6 3.3 3.0 
40 16.2 11.5 8.7 7.2 6.1 5.3 4.7 4.2 3.8 3.5 
50 18.1 13.0 9.8 8.0 6.8 5.9 5.3 4.7 4.3 3.9 
60 19.7 14.4 10.7 8.7 7.4 6.5 5.7 5.2 4.7 4.3 
70 21.0 15.7 11.5 9.2 7.9 6.9 6.1 5.5 5.0 4.6 
80 22.1 16.9 12.2 9.7 8.2 7.2 6.4 5.7 5.2 4.8 
90 — 18.0 12.9 10.1 8.5 7.4 6.6 5.9 5.4 4.9 
100 — — — — 13.5 10.4 8.8 7.6 6.8 6.1 5.5 5.0 
no —• — — — — — 10.7 8.9 7.8 6.9 6.2 5.6 5.1 
120 — — — — — — — — — — 7.8 6.9 6.2 5.6 5.2 
Table 
Basal 
area 
20 
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40 
50 
60 
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80 
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Total board-foot volume per acre of all trees 8.5 inches dbh, by age and basal area 
[In board feet per acre] 
Average stand age -- years 
20 30 40 50 60 70 80 90 100 110 
SITE INDEX 55 
0 0 123 418 897 1,412 1,829 2,115 2,278 2,339 
0 0 176 633 1,341 2,118 2,802 3)242 3,483 3,585 
0 0 196 745 1,665 2,698 3,650 4.315 4,668 4,840 
0 0 185 792 1,855 3,155 4,354 5,272 5,836 6,096 
0 0 165 802 1,963 3,497 4,962 6,178 6,910 7,325 
0 0 126 768 1,986 3,661 5,424 6,882 7,929 8,524 
> - 0 88 714 1,964 3,750 5,749 7,523 8,847 9,657 
•" — 46 654 1,985 3,778 5,998 8,054 9,652 10,734 
— — — — — — 1,863 3,842 6,224 8,533 10,439 11,793 
— — — — 
— —  
— — 
— — 6,469 9,070 11,218 12,797 
—  —  - - - -
—  —  -  —  - - 13,836 
SITE INDEX 65 
0 44 331 881 1 ,508 2,001 2,311 2,426 2,478 2,513 
0 65 477 1,301 2,285 3,066 3,502 3,713 3,798 3,851 
0 63 569 1,606 2,885 4,008 4,677 5,011 5,141 5,213 
0 46 590 1,781 3,354 4,804 5,789 6,292 6,495 6,594 
0 24 587 1,880 3,747 5,548 6,814 7,529 7,850 7,989 
0 0 542 1,877 3,946 6,081 7,735 8,725 9,198 9,393 
•  - 0 493 1,857 4,061 6,514 8,541 9,836 10,509 10,801 
•  - — — 436 1,792 4,106 6,804 9,228 10,884 11,782 12,196 
— — — — 1,761 4,156 7,162 9,906 11,867 13,036 13,592 
•  - — — — — — — — — 7,438 10,525 12,833 14,278 14,972 
— — — — 
— — 
— — — 
— 13,894 15,512 16,362 
•  - —  —  —  —  —  —  — — — — — — 17,772 
Table 53 (Continued) 
Basal Average stand age -- years 
irea 20 30 40 50 60 70 80 90 100 110 
SITE INDEX 75 
20 0 140 650 1,394 2,069 2,412 2,553 2,613 2,657 2,693 
30 0 204 959 2,137 3,124 3,683 3,913 4,004 4,072 4,128 
40 0 229 1,160 2,657 4,095 4,915 5,283 5,421 5,512 5,588 
50 0 226 1,271 3,102 4,915 6,081 6,640 6,855 6,972 7,068 
60 0 205 1,330 3,392 5,628 7,200 7,975 8,298 8,447 8,564 
70 0 165 1,292 3,513 6,125 8,172 9,279 9,736 9,936 10,073 
80 0 124 1,240 3,604 6,575 9,021 10,508 11,170 11,433 11,593 
90 — — 81 1,178 3,605 6,881 9,743 11,638 12,568 12,934 13,124 
100 — — — — 1,135 3,646 7,155 10,510 12,741 13,951 14,438 14,663 
110 — — — — — — — — 7,450 11,213 13,874 15,295 15,935 16,210 
120 — - — — — — — — — — — — 15,003 16,686 17,449 17,764 
130 — - -  - — — 
- - 18,957 19,326 
SITE INDEX 85 
20 2 300 1,087 1,961 2,466 2,664 2,743 2,801 2,848 2,887 
30 0 437 1,606 2,927 3,746 4,077 4,204 4,292 4,364 4,424 
40 0 514 1,985 3,799 5,011 5,502 5,691 5,811 5,908 5,990 
50 0 537 2,238 4,515 6,161 6,912 7,197 7,350 7,473 7,576 
60 0 530 2,388 5,074 7,207 8,322 8,715 8,905 9,055 9,179 
70 0 485 2,430 5,483 8,134 9,623 10,228 10,474 10,650 10,797 
80 0 437 2,414 5,758 8,933 10,892 11,737 12,054 12,528 12,426 
90 — — 379 2,376 5,962 9,664 12,059 13,211 13,642 13,876 14,067 
100 — — — — 2,356 6,150 10,270 13,199 14,667 15,233 15,504 15,717 
110 — — — — — — 6,363 10,936 14,325 16,111 16,825 17,140 17,376 
120 •— — — — — ~ — — — — 15,496 17,576 18,426 18,785 19,044 
130 — — — — — — — — — - — — — — 20,032 20,436 20,718 
Table 54. Net board-foot growth per acre in 10 years, by initial age and basal area 
[In board feet per acre] 
Initial 
basal Initial stand age -- years 
area 20 30 40 50 60 70 80 90 100 110 
SITE INDEX 55 
20 25 294 611 838 946 917 829 756 719 676 
30 0 341 810 1,192 1,324 1,245 1,115 1,000 927 872 
40 0 327 918 1,434 1,678 1,597 1,385 1,192 1,073 1,007 
50 0 282 954 1,603 1,974 1,941 1,680 1,402 1,214 1,110 
60 0 238 978 1,729 2,234 2,279 1,990 1 ,632 1,358 1,202 
70 0 203 971 1,800 2,451 2,597 2,319 1 ,889 1,521 1,294 
80 — — 247 984 1,842 2,642 2,910 2,667 2,178 1,711 1,396 
90 — — — — 1,011 1,872 2,797 3,214 3,033 2,503 1,939 1,518 
100 — — — — — — 2,969 3,534 3,414 2,855 2,194 1,662 
110 — — — — mm — — — — — M — 3,812 3,222 2,472 1,831 
120 -- — - - - - " - - 2,007 
SITE INDEX 65 
20 265 820 1,349 1,541 1,430 1,222 1,045 921 834 763 
30 201 1,021 1,802 2,142 1,984 1 ,641 1,361 1,183 1,068 977 
40 125 1,074 2,129 2,653 2,508 2,060 1,658 1,399 1,252 1,145 
50 57 1,050 2,309 3,073 3,015 2,495 1,955 1,597 1,402 1,279 
60 64 1,008 2,421 3,434 3,517 2,940 2,275 1,798 1,531 1,385 
70 92 921 2,411 3,657 3,995 3,428 2,630 2,010 1,652 1,470 
80 — — 841 2,373 3,776 4,382 3,939 3,030 2,259 1,782 1,541 
90 — — 
—f. 2,319 3,792 4,639 4,421 3,479 2,539 1,930 1,611 
100 — — — — —' — — — 4,780 3,924 2,853 2,085 1,674 
110 — — — — — — — — — — 5,119 4,292 3,180 2,246 1,742 
120 -- — — — — — — — — 3,420 2,410 1,799 
Table 54 (Continued) 
Initial 
basal Initial stand age -- .years 
area 20 30 40 50 60 70 80 90 100 110 
SITE INDEX 75 
20 760 1,684 2,188 2,047 1,648 1,321 1,122 1,001 906 828 
30 726 2,129 2,968 2,822 2,220 1,721 1,437 1,282 1,162 1,063 
40 603 2,304 3,552 3,532 2,776 2,097 1,698 1,503 1,364 1,249 
50 459 2,310 3,920 4,171 3,362 2,482 1,940 1,682 1,525 1,396 
60 337 2,224 4,130 4,684 3,931 2,874 2,176 1,830 1,654 1,514 
70 277 2,066 4,156 5,072 4,492 3,322 2,419 1,967 1,756 1,607 
80 269 1,923 4,133 5,384 4,997 3,789 2,700 2,095 1,837 1,679 
90 — - 1,792 4,080 5,616 5,482 4,281 3,028 2,243 1,904 1,732 
100 — — — — 4,049 5,815 5,919 4,709 3,348 2,392 1,959 1,770 
110 — — — — — — — — 6,311 5,133 3,623 2,559 2,014 1,792 
120 — — — — — — — — — — — — 3,883 2,674 2,044 1,801 
130 — — -- — — - - 2,073 1,798 
SITE INDEX 85 
20 1,590 2,741 2,860 2,243 1,684 1,379 1,213 1,087 984 899 
30 1,593 3,439 3,843 3,030 2,207 1,771 1,554 1,394 1,265 1,157 
40 1,448 3,783 4,611 3,760 2,675 2,094 1,824 1,638 1,486 1,361 
50 1,222 3,869 5,185 4,458 3,182 2,394 2,041 1,833 1,665 1,524 
60 1,009 3,813 5,608 5,126 3,711 2,662 2,222 1,991 1,808 1,656 
70 787 3,631 5,887 5,754 4,267 3,003 2,385 2,117 1,923 1,761 
80 609 3,435 6,055 6,328 4,846 3,340 2,534 2,217 2,013 1,843 
90 — — 3,215 6,148 6,833 5,409 3,732 2,703 2,297 2,081 1,905 
100 — — — — 6,215 7,274 5,983 4,111 2,874 2,362 2,130 1,950 
110 — — — — — — 7,662 6,483 4,473 3,042 2,415 2,162 1,978 
120 — — — — — — — — — — 4,779 3,175 2,450 2,178 1,992 
130 - - — - M — - - — — — — — — 2,472 2,180 1,992 
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12. APPENDIX D 
LISTING OF FORTRAN STATEMENTS FOR GROWTH AND YIELD 
PREDICTION PROGRAM FOR UPLAND OAK 
174 
c GROWTH AND YIELD PREDICTION PROGRAM FOR UPLAND OAK 
C PROGRAM GROAK 
C BY M. E.  DALE 
C NORTHEASTERN FOREST EXPERIMENT STATION 
DIMENSION N0(20),START(20,4) ,OUT(30,16) ,PRED(20,5) , IDATE(20),  
l IRR0R(6) , IRR(30t3J 
C 
C INPUT FORMATS 
C 
100 FORMAT ( -^12,  11)  
105 F0RMAT(20I2)  
110 FORMAT(F3.0,F5.2,F4.0,F2.0)  
C 
C 
C OUTPUT FORMATS 
C 
200 FORMAT( ' l ' ,39X, 'COMPUTED STAND CHARACTERISTICS FOR STAND NO ' ,  
112, / /57X, 'SITE INDEX ' , I2 / / I  
205 FORMATI '  • ,130( '= ' ) )  
210 FORMAT( '  S '  DATE STAND BASAL AREA STOCKING PERCENT 
1  NO AVE STAND VOLUME CURRENT ANNUAL STAND 
2 GROWTH'/8X, '  AGE TREES 
3  O B H  ' , 3 0 ( ' , 3 0 ( ' - ' ) / P X , '  G R O W T H  T O T A L  G  
GROWTH TOTAL TOT CU FT CORDS BD FT VOL TO 
ST CU FT CORDS BD FT VOL')  
215 FORMATI '0 ' ,1X, I4,5X, I3,11X,F7.2,15X,F7.2,3X,F5.0,3X,F4.1,5X,F6.0,4 
1X,F5.1,4X,F7.0/ / )  
220 FORMAT!» ' , IX,14,5X ,  13,3X»F7.2, IX,F7.2,4X,F7.2,2X,F7.2,3X,F5 .0 ,  3X,  
1F4.1,5X,F6.0,4X,F5.1,4X,F7.0,6X,F5.1,6XtF4.1,5XIF5.0)  
225 F0RMAT( '0 ' , 'NET GROWTH YRS ' / IX, 'AFTER INITIAL CUT' , IX,  
1F5.2,14X,F5.2,20X,F4.1,6X,F5.0,5X,F4.1,5X,F6.0/)  
230 FORMATC1», 'NUMBER OF STANDS YOU WANT PROJECTED THIS RUN IS ' ,12,  
1 '  THIS EXCEEDS LIMITS, SO CHANGE NO. STANDS OR DIMENSION STATEMENT 
2 , ' / / '  IF DIMENSION IS CHANGED REMOVE OR CHANGE STATEMENT NO 20 ' )  
235 FORMAT! '1 ' , 'NUMBER OF YEARS FOR PROJECTION IS ' ,12, ' ,  THIS EXCEEDS 
1  THE LIMITS, SO CHANGE NO. YEARS OR DIMENSION STATEMENT' / / '  IF  DI  
2MENSI0N IS CHANGED ON OUT AND IRR, REMOVE OR CHANGE STATEMENT NO 2 
31 ' )  
240 FORMAT!*1 ' , 'NO YEARS PROJECTED = ' ,13, '  NO YEARS BETWEEN PRINTED 
IPROJECTIOMS IS ' ,12, '  AND NO YRS IN SUMMARIZED NET GROWTH IS ' ,12,  
2 / / '  SO CHANGE NO YRS PROJECTED, THE WRITING INTERVAL, OR THE GROWT 
3H INTERVAL')  
245 FORMAT! '0 ' ,130( ' * ' ) / /6X,4(WARNING #*** ' ) )  
250 FORMAT ! '0 ' ,10X, 'STAND AGE IS ' ,13,  '  YEARS. THIS IS OUTSIDE THE 
1  RANGE USED IN BASIC EQUATIONS, SO USE CAUTION IN INTERPRETING'/ / I  
2 X ; 1 $ 0 ( ) / / l X )  
255 FORMATI 'O' l lOX, 'STAND BASAL AREA IS ' ,F6.2, '  SO. FT.  THIS IS OUTS 
I IDE THE RANGE USED IN BASIC EQUATIONS, SO USE CAUTION IN INTERPRET 
2ING' / / IX,1301'* ' ) / / lX)  
260 FORMAT! '0 ' ,3  OX, '  NUMBER OF TREES IS ' ,F5.0, '  THIS IS OUTSIDE THE 
IRANGE USED IN BASIC EQUATIONS, SO USE CAUTION IN INTERPRETING'/ /1X 
2 ,130! ' * ' ) / / lX)  
265 FORMATI 'O' ,10X, 'SITE INDEX OF STAND IS ' ,13, '  THIS IS OUTSIDE THE 
IRANGE USED IN BASIC EQUATIONS, SO USE CAUTION IN INTERPRETING'/ / IX 
2 ,130! ' * • ) / / lX)  
Q 
C READ FIRST DATA CARD, LISTING THE NUMBER OF STANDS, TOTAL NUMBER 
C OF YRS PROJECTED UP TO 30,  NUMBER OF YRS BETWEEN PRINTED 
C PREDICTIONS, YEARS AFTER THINNING USED IN GROWTH SUMMARY, AND 
C CODE FOR OPTIONAL NUMBERING OF STANDS AND YEAR OF STARTING 
C oon. iFr .TTON 
C 
READ I  5,100) NOSTDS,NOYRS,INT, IGP,IOP 
175 
C TEST VALUES TO SEE I F  R E A D  CORRECTLY A N D  IF THEY CONFORM TO 
C DIMENSIONED VARIABLES 
C 
IF(NnSTDS.LT. l .0R.N0STDS.GT.20.)  GO TO 92 
IF(N0YRS.LT.1.0R.N0YRS.GT.30.)  GO TO 94 
IF( INT.GT.NOYRS.OR.IGP.GT.NOYRS) GO TO 96 
IF( IOP.EO. l )  GO TO 10 
C 
C IF 1 IS NOT PUNCHED IN COL 9 ,  DATA CARD 1,THEN NEXT TWO DATA CARDS 
C MUST RE LIST OF PLOT NUMBERS, AND LIST OF LAST TWO DIGITS IN 
C THE STARTING DATES FOR THE PROJECTIONS 
C 
READ(5.105) (NOd )  ,1=1,NOSTOS) 
REA0(5,105) ( IDATEd),1=1,NOSTOS) 
GO TO 15 
10 00 12 K=1,N0STDS 
I0ATE(K)=70 
NO(K)=K 
12 CONTINUE 
C 
C READ DATA CARDS LISTING FOR EACH STAND THE INITIAL AGE, BASAL AREA 
C NUMBER OF TREES,AND SITE INDEX. THE NUMBER OF CARDS LISTING 
.  C THE STARTING CONDITIONS SHOULD BE THE SAME AS THE VALUE OF NOSTOS. 
C 
15 DO 20 K=l ,NOSTOS 
READ(5,110) (START{K,J) ,J=1,4)  
20 CONTINUE 
C BEGIN LOOP WITH INITIAL CONDITIONS OF FIRST STAND 
C 
DO 90 L=1,NOSTDS 
AGE=START(L,1)  
BA=START(L,2)  
C0UNT=START(L,3)  
SITE=START(L,4)  
N0ERR=0 
IT=0 
DO 22 IK=1,6 
22 IRR0R{IK)=0 
IF{  AGE.LT.19.0R.AGE.GT. 110) IRRORd )  = 1  
IF(BA.LT.15.0R.BA.GT.130) IRR0R(2)=2 
TEST=AO.+AGE 
IF(BA.GT.TEST.AND.AGE.LT.70)  IRROR(3)=2 
IF(COUNT.LT.20.OR.COUNT.GT.750) IRRORt4)=3 
IFtSITE.LT.55.0R.SITE.GT.90) IRROR(6)=4 
IF(COUNT.GT.500.AND.AGE.GT.50) IRR0R(5)=3 
DO 24 IK=1,6 
IF( IRROR(IK).GT.O) N0ERR=1 
24 CONTINUE 
C 
C CALCULATE INITIAL QUADRATIC MEAN STAND DIAMETER 
C 
0=S0ftT((BA/C0UNT)*183.34509) 
00=0 
C 
C CALCULATE RATIOS OF MERCH CU FT VOL AND BD FT VOL TO TOTAL CU FT 
C 
IF(D.GT.16)  GO TO 25 
CVRAT =- .052676+.7876045»(1.0/EXP((1.29872-.08117*0)**10))  
BFRAT =- .088414+3.63827«(1.0/EXP((2.0- .125*D)**4))  
IF(CVRAT.LT.O) CVRAT=0.0 
IF(BFRAT.LT.O) BFRAT=0.0 
GO TO 30 
25 CVRAT=0.735 
BFRAT=3.55 
30 CONTINUE 
DO 36 KL=INT,NOYRS,INT 
176 
DO 36 LL=1,3 
36 IRR(KL,LL)=0 
c  
C YEAfC^ CALCULATE STAND PREDICTIONS FOR EACH CONSECUTIVE 
C 
00 75 J=1,N0YRS 
C MAKE AGE AND BASAL AREA TRANSFORMATIONS 
C 
XA=AGE**.8 
XB=AGE**1.05 
XC=AGE**.75 
X1=BA*I1.0/XA) 
X2=BA*(1.0/XB) 
X3=DA*(1.0/XC) 
C ,  
C CALCULATE VOLUMES FOR INITIAL STAND 
C 
IF(J.Nn. l )  GO TO 40 
E02=3.09094+.00930176*SITE+1.03909*ALOGiBA)-20.  11035*(1.0MGE) 
PRED(L.1)=EXP(E02) 
PRED(Lf2)=PRE0(L.  DKCVRAT 
PRED(L,4)=PRED(L,2) /80.0 
PRED(Lf5)=PRE0(Lf1)*BFRAT 
C 
C • CALCULATE STOCKING PERCENT FOR INITIAL STAND 
C 
PRED(L,3)=( .0091382+.0093703*D**1.7I*COUNT 
C 
C CALCULATE RATIO OF INGROWTH TREES TO TOTAL NO TREES. 
C 
40 E07=.0926429+.00000113*AGE=! 'AGE-.015674*AL0G( BA)- .076175*0# ( l .O/XA) 
l+.001O186*COUNT*(1.0/XA)- .n0O00083*COUNT»SITE 
C 
C CALCULATE RATIO OF MORTALITY TREES TO TOTAL NO LIVING TREES 
C 
EPf i=- .15O21-1.101' f  (1.0/XB)+.029721*ALOG(SITE) + .007847*ALOG(COUNT) 
l+ .11115*( l .n /0)  
IF(AGE.GT.50.)  GO TO 42 
CFMOR=(.00370714*(90.0-SITE)#(1.0/ (90.-AGE))*C0UNT*C0UNT*C0UNT)/10 
10000000. 
IF(CFMOR.LT.O.O) CFM0R=0.0 
EP8=CFM0R+E08 
IF(Cf)UNT.GT.R50.  )  GO TO 41 
CFING=(.00001391*(90.0-SITE)*(90.0-SITE)#((50.0-AGE)#*3)) / ( (900.0-
1C0UNT)»*2)  
IF(CFING.LT.O.O) CFING=0.0 
E07=E07-CFING 
GO TO 42 
41 E07=0.0 
42 0UT(Jt3)=C0UNT«E07 
0UT(J»4)=E08*C0UNT 
C COMPUTE BASAL AREA GROWTH AND ADD TO PREVIOUS BASAL AREA 
C 
0UT(Jt l )=-Xl*AL0G(BA)+3.68521*X3 +.011383*SITE*X2 
0UT(J,2)=0UT(J,1)+BA 
IF(0UT(J,3) .LT.0)  0UT{J,3)=0.0 
IF(OUT(J,4) .LT.O) 0UT(Jf4)=0.0 
C 
C CC".rUTc NUXnCR Tsrc:  DV ACDI.NG i r ;GP,Gh'TH AND SUBTRACTING «OPJ'^LITy 
c 
OUT(J 15)=COUNT+OUT(J,3)-OUT(J14) 
C 
C • USING UPDATED BASAL AREA AND NUMBER TREES COMPUTE NEW STAND DBH 
177  
C0UNT=0UT(J»5) 
BA=0UT(J,2)  
IF(COlJNT.LT. l )  
0 l )T(J,6)=Sr)RT( 
D=0UT(Jf6)  
C 
C CALC TOTAL AND MERCH CU FT VOL USING UPDATED STAND PARAMETERS 
C 
AGE=AGE+1.0 
IF(D.GT,16)  GO TO 45 
C V R A T  = - . 0 5 2 6 7 6 + . 7 8 7 6 0 4 5 » ( 1 . 0 / E X P { ( 1 . 2 9 8 7 2 - . 0 8 1 1 7 * 0 )  
BFRAT =- .088414+3.63827*(  1.0/EXP (< 2 .0- .  125*0)"»»4) )  
IFtCVRAT.LT.O) CVR AT-^."» .0  
I F ( B F R A T . L T . O )  B F P .V 
GO TO 50 
45 CVRAT=0.735 
BFRAT=3.55 
50 E02=3.09094+.00 5 176*SITE+1.03909#AL0G(BA)-20.11035*( l .O/AGE) 
OUT(J,7)=EXP(ECZ 
0UT(J,8)=0UT(J,Y,"CVRAT 
0UT(J,15)=0UT(J,  ,  9FRAT 
0UT(J,11 )=C0UNT*( .009138 2+.0093783*0**1.7)  
IF(J.GT. l )  GO TO 55 
OUT(J,9)=nUT(J,7)-PREU(L,  1  )  
OUT(J,10)=0UT(J,8)-PRE0{Lf2)  
OUT(J,16)=0UT(J,15)-PRED(Lf5)  
0UT(J,13)=0UT(Jt l l ) -PRFn(L.3)  
GO TO 60 
55 0UT(J,9)=0UT(J,7)-0UT(J- l t7)  
0UT(J,10)=0UT(J,8)-0UT(J-1,8)  
OUT (J f l3)=0UT(J, l l ) -0UT(J- l , l l )  
0UT(J,16)=0UT{J,15)-0UT(J-1,15)  
60 0UT(J,12»=nUT(Jt8) /80.0 
0UT(J,14)=0UT(J,101/80.0 
IFINOERR.EO. l )  GO TO 75 
IF(AGE.GT. l lO) IRR(J,1)=1 
IF{BA.GT.120.AND.SITE.LT.65)  IRR(J,2)=2 
IF(C0UNT.LT.20.0R.C0UNT.GT.900) IRR(J,3)=3 
IF(BA.GT.135) IRR(J,2)=2 
C 
C THIS COMPLETES STAND CALCULATIONS FOR ONE YEAR GO BACK AND REPEAT 
C 
75 CONTINUE '  ,  .  
BAG=0UT(IGPf2)-START(Lt2)  
SPG=0t)T( IGP»l l ) -PRED(L.3)  
DGTH=nUT( IGP»6)-00 
TCVG=0UT(IGP,7)-PRED(L,1)  
C0RD=0UT(IGP»12)-PRED<Lf4)  
BDFTG=0UT(IGP,15)-PRED(Lf5)  
ISITE=START(Lf4)+.05 
C 
C WRITE TABLE HEADINGS FOR STAND NO 1  
C 
WRITE(6,2001 NO(L) , ISITE 
WRITE(6,205) 
WRITE(6,210) 
WRITE(6,205) 
IAGE=START(L, l )+.05 
IYEAR=IOATE(L)+1900 
GO TO 99 
(BA/COUNT)#183.34589) 
178 
c 
c 
c 
c 
c 
c 
WRITE INITIAL STAND CONDITIONS 
WRITE (6,215) IYEAR,IAGE,START< L ,2) ,PRED(Lt3)»STARTtLt3) ,DD,PRED ( L ,  
11),PRED(L,A) ,PRED(L,5)  
IF(NOERR.EO.O) GO TO 78 
WRITE(6,245) 
DO 77 IL=1,6 
I I=IRROR(IL)  
1F( I I  .EO.O) GO TO 77 
GO 70(81,82,83,84) , I I  
81 WRITE(6,250) lAGE 
GO TO 78 
82 WRITE(6,255) START(L,2)  
GO TO 78 
83 WRITE(6,260) START(L,3)  
GO TO 78 
84 WRITE(6,265) ISITE 
GO TO 78 
77 CONTINUE 
WRITE PREDICTED STAND CHARACTERISTICS 
78 DO 80 I=INT,NOYRS,INT 
IAGE=IAGE+INT 
IYEAR=IYEAR+INT 
WRITE(6,220) I  YEAR,IAGE,OUT(1,1) ,OUT(I ,2) ,OUT(I f13) ,OUT{I ,11) ,  
K OUT (  I  ,K ) ,K=5,7 )  ,OUT(1,12 )  tOUT( 1,15)  tOUT(I  »9 )  ,OUT,(  1,14)  i .OUT(1,16)  
IF(NOERR.EO. l )  GO TO 80 •  r  
IF( IT.NE.O) GO TO 80 
DO 71 Nt- l= l ,3 
IFdRRd ,NM).EO.O) GO TO 71 
IT=IRR(I ,NM) 
WRITE(6,245) 
GO T0(B6,87,88) , IT 
86 WRITE(6,250) lAGE 
GO TO 60 
87 WRITE(6,255) OUTd ,2)  
GO TO 00 
88 WRITE(6,260) OUTd ,5)  
GO TO 80 
71 CONTINUE 
80 CONTINUE 
WRITE(f t ,205)  
WRITE (6,225) IGP,BAG,SPG,OGTH,TCVG,CORD,BOFTG 
WRITE(6,205) 
90 CONTINUE 
GO TO 99 
92 WRITE(6,230) NOSTDS 
GO TO 99 
94 WRITE(6,235) NOYRS 
GO TO 99 
96 WRITE(6,240) NOYRS,INT, IGP 
99 STOP 
END 
